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This ninth edition of Electronic Devices reflects changes recommended by users and 
reviewers. Applications and troubleshooting coverage have been expanded to include 
several new topics related to renewable energy and automated test programming. As in the 
previous edition, Chapters 1 through 11 are essentially devoted to discrete devices and 
circuits. Chapters 12 through 17 primarily cover linear integrated circuits. A completely 
new Chapter 18 covers an introduction to programming for device testing. It can be used as 
a “floating” chapter and introduced in conjunction with any of the troubleshooting 
sections. Chapter 19, which was Chapter 18 in the last edition, is an online chapter that 
covers electronic communications. Multisim® files in versions 10 and 11 are now available 
at the companion website, www.pearsonhighered.com/electronics. 


New in This Edition 


Reorganizations of Chapters 1 and 2. These chapters have been significantly re- 
worked for a more effective coverage of the introduction to electronics and diodes. New 
topics such as the quantum model of the atom have been added. 


GreenTech Applications This new feature appears after each of the first six chapters 
and introduces the application of electronics to solar energy and wind energy. A significant 
effort is being made to create renewable and sustainable energy sources to offset, and 
eventually replace, fossil fuels. Today’s electronics technician should have some familiarity 
with these relatively new technologies. The coverage in this text provides a starting point 
for those who may pursue a career in the renewable energy field. 


Basic Programming Concepts for Automated Testing A totally new chapter by Gary 
Snyder covers the basics of programming used for the automated testing of electronic 
devices. It has become increasingly important for electronic technicians, particularly those 
working in certain environments such as production testing, to have a fundamental ground- 
ing in automated testing that involves programming. This chapter is intended to be used in 
conjunction with the traditional troubleshooting sections and can be introduced or omitted 
at the instructor’s discretion. 


More Multisim® Circuits Updated to Newest Versions Additional Multisim® circuit 
files have been added to this edition. All the files have been updated to versions 10 and 11. 


New Format for Section Objectives The section objectives have been rewritten to pro- 
vide a better indication of the coverage in each section. The new format better reflects the 
topics covered and their hierarchy. 


Miscellaneous Improvements An expanded and updated coverage of LEDs includes 
high-intensity LEDs, which are becoming widely used in many areas such as residential 
lighting, automotive lighting, traffic signals, and informational signs. Also, the topic of 
quantum dots is discussed, and more emphasis is given to MOSFETs, particularly in 
switching power supplies. 
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PREFACE 


Standard Features 


¢ Full-color format. 


¢ Chapter openers include a chapter outline, chapter objectives, introduction, key 
terms list, Application Activity preview, and website reference. 


¢ Introduction and objectives for each section within a chapter. 


¢ Large selection of worked-out examples set off in a graphic box. Each example has a 
related problem for which the answer can be found at www.pearsonhighered.com/ 
electronics. 


* Multisim® circuit files for selected examples, troubleshooting, and selected prob- 


lems are on the companion website. 


¢ Section checkup questions are at the end of each section within a chapter. Answers 
can be found at www.pearsonhighered.com/electronics. 


¢ Troubleshooting sections in many chapters. 
¢ An Application Activity is at the end of most chapters. 
¢ A Programmable Analog Technology feature is at the end of selected chapters. 


¢ A sectionalized chapter summary, key term glossary, and formula list at the end of 
each chapter. 


¢ True/false quiz, circuit-action quiz, self-test, and categorized problem set with basic 
and advanced problems at the end of each chapter. 


¢ Appendix with answers to odd-numbered problems, glossary, and index are at the 
end of the book. 


* PowerPoint® slides, developed by Dave Buchla, are available online. These innova- 
tive, interactive slides are coordinated with each text chapter and are an excellent 
tool to supplement classroom presentations. 


Student Resources 


Companion Website (www.pearsonhighered.com/floyd) This website offers students 
an online study guide that they can check for conceptual understanding of key topics. 
Also included on the website are the following: Chapter 19, “Electronic Communications 
Systems and Devices,” a table of standard resistor values, derivatives of selected equa- 
tions, a discussion of circuit simulation using Multisim and NI ELVIS, and an 
examination of National Instruments’ LabVIEW™. The LabVIEW software is an ex- 
ample of a visual programming application and relates to new Chapter 18. Answers to 
Section Checkups, Related Problems for Examples, True/False Quizzes, Circuit- 
Action Quizzes, and Self-Tests are found on this website. 


Multisim® These online files include simulation circuits in Multisim® 10 and 11 for 
selected examples, troubleshooting sections, and selected problems in the text. These 
circuits were created for use with Multisim® software. Multisim® is widely regarded as 
an excellent circuit simulation tool for classroom and laboratory learning. However, no 
part of your textbook is dependent upon the Multisim® software or provided files. 


Laboratory Exercises for Electronic Devices, Ninth Edition, by Dave Buchla and Steve 
Wetterling. ISBN: 0-13-25419-5. 


Instructor Resources 


To access supplementary materials online, instructors need to request an instructor access code. 
Go to www.pearsonhighered.com/irc to register for an instructor access code. Within 48 hours 
of registering, you will receive a confirming e-mail including an instructor access code. Once 
you have received your code, locate your text in the online catalog and click on the Instructor 
Resources button on the left side of the catalog product page. Select a supplement, and a login 


page will appear. Once you have logged in, you can access instructor material for all Prentice 
Hall textbooks. If you have any difficulties accessing the site or downloading a supplement, 


please contact Customer Service at http://247.prenhall.com. 


Online Instructor’s Resource Manual Includes solutions to chapter problems, 
Application Activity results, summary of Multisim 


® 


Solutions to the lab manual are also included. 


Online Course Support If your program is offering your electronics course in a dis- 
tance learning format, please contact your local Pearson sales representative for a list of 


product solutions. 


Online PowerPoint® Slides This innovative, interactive PowerPoint slide presentation 


circuit files, and a test item file. 


for each chapter in the book provides an effective supplement to classroom lectures. 


Online TestGen This is a test bank of over 800 questions. 


Chapter Features 


Chapter Opener Each chapter begins with an opening page, as shown in Figure P—1. The 
chapter opener includes a chapter introduction, a list of chapter sections, chapter objectives, 
key terms, an Application Activity preview, and a website reference for associated study aids. 


Chapter outline 


List of 

performance- 
based chapter 
objectives 


Key terms 


CHAPTER OUTLINE VISIT THE COMPANION WEBSITE 
Diode Operation 

Voltage-Current (V1) Characteristics of a Diode 
Diode Models, 
Half Wave Rectifiers 

Full Wave Rectifiers 

Power Supply Filters and Regulators 
Diode Limiters and Clampers 

Voltage Multipliers 

The Diode Datasheet 
‘Troubleshooting 

Application Activity 

GreenTech Application 2: Solar Power 


Study aids and Multisim files for this chapter are available at 
hnttp:/www.pearsonhighered.com/electronics 


INTRODUCTION 


{In Chapter 1, you learned that many semiconductor devices 
are based on the pn junction. In this chapter, the operation 
and characteristics of the diode are covered. Also, three 
diode models representing three levels of approximation are 
presented and testing is discussed. The importance of the 
diode in electronic circuits cannot be overemphasized. Its 
ability to conduct current in one direction while blocking 
current in the other direction is essential to the operation of 
‘many types of circuits. One circuit in particular is the ac 
rectifier, which is covered in this chapter, Other important 
applications are circuits such as diode limiters, diode 
clampers, and diode voltage multipliers. A datasheet is 
discussed for specific diodes. 


CHAPTER OBJECTIVES 


Use a diode in common applications 

‘© Analyze the voltage-current (V-) characteristic of a diode 

+ Explain how the three diode models differ 

‘© Explain and analyze the operation of half-wave rectifiers 

' Explain and analyze the operation of full-wave rectifiers 

‘© Explain and analyze power supply filters and regulators 

‘ Explain and analyze the operation of diode limiters and 
clampers 

‘© Explain and analyze the operation of diode voltage 
multipliers 

‘ Interpret and use diode datasheets 

Troubleshoot diodes and power supply circuits 


‘APPLICATION ACTIVITY PREVIEW 


You have the responsibility for the final design and testing 
of a power supply circuit that your company plans to use in 
several of its products. You will apply your knowledge of 
diode circuits to the Application Activity at the end of the 
chapter. 


KEY TERMS 


+ Diode © Half-wave rectifier 
+ Bias ‘Peak inverse voltage (PIV) 
© Forward bias > Fullwave rectifier 
‘Ripple voltage 

Line regulation 

+ Load regulation 

Limiter 


© Reverse bias 
+ VA characteristic 
DC power supply 
© Rectifier 
* Filter * Clamper 
© Regulator ‘ Troubleshooting 


Section Opener 


Website 
reference 


Introduction 


Application 
Activity 
preview 


Each section in a chapter begins with a brief introduction and section 
objectives. An example is shown in Figure P—2. 


Section Checkup Each section in a chapter ends with a list of questions that focus on the 
main concepts presented in the section. This feature is also illustrated in Figure P—2. The 
answers to the Section Checkups can be found at www.pearsonhighered.com/electronics. 


Troubleshooting Sections Many chapters include a troubleshooting section that relates 
to the topics covered in the chapter and that illustrates troubleshooting procedures and 
techniques. The Troubleshooting section also provides Multisim® Troubleshooting exer- 
cises. A reference to the optional Chapter 18 (Basic Programming Concepts for 


Automated Testing) is included in each Troubleshooting section. 
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A typical chapter opener. 


vi @ PREFACE 


> FIGURE P-2 


A typical section opener and section 


review. 


> FIGURE P-3 


A typical example with a related 
problem and Multisim® exercise. 


Section checkup 
ends each 482+ FET Awmunens ano Switenine Citcurts 


section. results in conduction power losses lower than with BITS. Power MOSFETs are used for 
motor control, de-to-ac conversion, de-to-de conversion, load switching, and other applica- 
tions that require high current and precise digital control 


1. Describe a basic CMOS inverter, 
2. What type of 2-input digital CMOS circuit has a low output only when both inputs are 
high? 


Introductory 3h priate of 2input digital CMOS circuit has a high output only when both inputs 
paragraph begins 
each section. 9-7 ESHOOTING 

S_— A technician who understands the basics of circuit operation and who can, if necessary, 


perform basic analysis on a given circuit is much more valuable than one who is limited 
to carrying out routine test procedures. In this section, you will see how to test a circuit 


Performance -b ased board that has only a schematic with no specified test procedure or voltage levels. In 
this case, basic knowledge of how the circuit operates and the ability to do a quick 
circuit analysis are useful, 


section objectives oe ene teen yarsrant rere 
a 4 Troubleshoot FET amplifiers 


4 Troubleshoot a two-stage common-source amplifier 
‘+ Explain each step in the troubleshooting procedure + Use a datasheet 


Reference to Chapter———__ SReacine crmhaniye he See 
1 8, ‘ B asi c él Chapter 18: Basic Programming Concepts for Automated Testing, 


Selected sections from Chapter 18 may be introduced as part of this troubleshooting 
| coverage or, optionally, the entire Chapter 18 may be covered later or not at all. 


Programming I | 
Concepts for 
Automated Testing” 


A Two-Stage Common-Source Amplifier 


Assume that you are given a circuit board containing an audio amplifier and told simply 
that it is not Working properly. The circuit is a two-stage CS JFET amplifier, as shown in 
Figure 9-46. 


> FIGURE 9-46 
‘Atwo-tage CS JFET amplifier circuit. 


Worked Examples, Related Problems, and Multisim® Exercises Numerous worked- 
out examples throughout each chapter illustrate and clarify basic concepts or specific procedures. 
Each example ends with a Related Problem that reinforces or expands on the example by 
requiring the student to work through a problem similar to the example. Selected examples 
feature a Multisim® exercise keyed to a file on the companion website that contains the 
circuit illustrated in the example. A typical example with a Related Problem and a 
Multisim® exercise are shown in Figure P—3. Answers to Related Problems can be found at 
www.pearsonhighered.com/electronics. 


THe ComMON-Source AMPLIFIER © 463 


The circuit in Figure 9-14 uses voltage-divider bias to achieve a Vas above threshold. 
‘The general de analysis proceeds as follows using the E-MOSFET characteristic equation 
(Equation 8-4) to solve for Ip, 


Vos = Vp ~ /pRp 
The voltage gain expression is the same as for the JFET and D-MOSFET circuits. The ac 
input resistance is 


Examples are set off from 
text. 


Rin = Ri||Ral Riyigate) Equation 9-5 


where Riyisate) = Vas/Iess: 


EXAMPLE 9-8 ‘A common-source amplifier using an E-MOSFET is shown in Figure 9-17. Find Ve, Ip. 
Vps, and the ac output voltage, Assume that for this particular device, Injen) = 200 mA 
at Vas = 4 V, Vasc = 2 V, and g,, = 23 mS. Vi, = 25 mV. 


FIGURE 9-17 


Each example contains a 
related problem relevant 
to the example. 


Foyony 200 mA. 


= S0mA/V? 


© Wes Vesw | GV 2) 
Therefore, 
Ip = K(Ves — Vesiin)” = (50 mA/V 72.23 V — 2V)P = 2.65 mA 
Vos = Von — dnp = 15 V — (2.65 mA)(3.3 KO) = 6.26 V 
Ry = Ry |) Ry = 3.3kO. | 33kO = 3kO 


Selected examples include a 
Multisim® exercise coordinated 
= 2.2. 2. * ‘The ac output voltage is 
with the Multisim circuit files NOME sy ricsuiy — a0 
on the companion website. Related Problem For the E-MOSFET in Figure 9-17, Ipjon) = 25 mA at Ves = 5 V, Vosin) = 1.5 V, 


and gm = 10 mS. Find Vas, fp, Vos, and the ac output voltage. Vin = 25 mV. 


Open the Multisim file E09-08 in the Examples folder on the companion website 
Determine Jp, Vps, and V,,, using the specified value of V;,. Compare with the 


calculated values. 


Application Activity This feature follows the last section in most chapters and is identi- 
fied by a special graphic design. A practical application of devices or circuits covered in 
the chapter is presented. The student learns how the specific device or circuit is used and is 
taken through the steps of design specification, simulation, prototyping, circuit board 
implementation, and testing. A typical Application Activity is shown in Figure P-4. 
Application Activities are optional. Results are provided in the Online Instructor’s 
Resource Manual. 
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‘Se FIGURE 7-35 


A FIGURE P-4 


368 + owen Ampuirieas 


Microphone 


(@) PA system block: diagram () Paysical configuration 


lass AB power push-pull amplifier. 


proxi of 70 Hz 
to 5 kHz, The dynamic range for ae ed vellage gs fo 40 mi Fey ie targa PA 
system is put together. 


DC power supply >» 


Audio preamp 


A Ficune 7-34 


Pp 
Lab Experiment 


Multisim® 


Activity 
‘Simulate the audio. us ‘using your Multisim software. Observe the operation 
ee 


with the virtual os 


Prototyping and Testing 


‘Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, 


inted circuit board. 


Link to 


To build and test a similar circuit, go to Experiment 7 in your lab manual ete tory 
Exercises for Electronic Devices by David Buchia and Steven Wetterling), 


| experiment 


in lab 


Circuit Board 


‘The power amplifier is implemented on a printed circuit board as shown in Figure 7-39. 
‘Heat sinks are used to provide additional heat dissipation from the 


9. Check the printed circuit board and 
Reese eer oa 


© side 


“A FIGURE 7-39 


jin according to function, Locate the single back- 


manual 


____—|_- Printed 


circuit 
board 


Simulations 


Power amplifier circuit board. 


‘Troubleshooting the Power Amplifier Board 


A power amplifier circuit board has failed the production test, Test results are shown in 


11. Based on the scope displays, list possible faults for the circuit board. 


Putting the System Together 


‘The preamp circuit board and the power amplifier circuit board are interconnected and 
Pe ee ee 


tiometer are attached, as shown in Figure 7-41 


12. Verify that the system int ee eat as ets 


are provided 
for most 
Application 
Activity 
circuits. 


Portion of a typical Application Activity section. 


GreenTech Application Inserts These inserts are placed after each of the first six chap- 
ters to introduce renewable energy concepts and the application of electronic devices to 


solar and wind technologies. Figure P—5 illustrates typical GreenTech Application pages. 


Chapter End Matter 


chapters: 


¢ Summary 


« Key Term Glossary 


¢« Key Formulas 


¢ True/False Quiz 


¢ Circuit-Action Quiz 


« Self-Test 


¢ Basic Problems 


« Advanced Problems 


¢ Datasheet Problems (selected chapters) 


¢ Application Activity Problems (many chapters) 


* Multisim® Troubleshooting Problems (most chapters) 


The following pedagogical features are found at the end of most 


Vill 


Sa 
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GreenTech Application 4: solar Power ‘* daily east-to-west movement, This is particularly important with concentrating collectors 


In this GreenTech Application, solar tracking is examined. Solar tracking is the process of 


in elevation of the sun in the southern sky. The purpose of a solar tracker is to increase the 


moving the solar panel to track the daily movement of the sun and the seasonal changes ing extends the time that a given output can be maintained. 
amount of solar energy that can be collected by the system. For flat-panel collectors, an FIGURE Gaa-2 seine aaa alae 
increase of 30% to 50% in collected energy can be realized with sun tracking compared Graphs of voltages in tracking and 


Before looking at methods for tracking, let’s review how the sun moves across the sky. 
‘The daily motion of the sun follows the are of a circle from east to west that has its axis 
pointed north near the location of the North Star. As the seasons change from the winter 
solstice to the summer solstice, the sun rises a litle further to the north each day. Between 
the summer solstice and the winter solstice, the sun moves further south each day. The 
amount of the north-south motion depends on your location. 


For flat-panel solar collectors, the most economical and generally most practical solution 
to tracking is to follow the daily east-west motion, and not the annual north-south motion, trolled and timer controlled. 

‘The daily east-to-west motion can be followed with a single-axis tracking system. There Sensor-Controlled Solar Trucking 
are two basic single-axis systems: polar and azimuth, In a polar system, the main axis is 

pointed to the polar north (North Star), as shown in Figure GA4—I(a). (In telescope 
terminology, this is called an equatorial mounting.) The advantage is that the solar panel is 
‘kept at an angle facing the sun at all times because it tracks the sun from east to west and 
is angled toward the southem sky. In an azimuth tracking system, the motor drives the control to move the solar pane! to align perpendicular to the sun's rays, 
solar panel and frequently multiple panels. The panels can be oriented horizontally but 
still track the east-to-west motion of the sun. Although this does not intercept as much of 
the sunlight during the seasons, it has less wind loading and is more feasible for long 
rows of solar panels. Figure GA4~I(b) shows a solar array that is oriented horizontally 
‘with the axis pointing to true north and uses azimuth tracking (east to west), As you can 
see, sunlight will strike the polar-aligned panel more directly during the seasonal movement 
‘of the sun than it will with the horizontal orientation of the azimuth tracker. 


rE GREENTECH APPLICATION 4 ¢ 225 


that need to be oriented correctly to focus the sun on the active region, 


Figure GA4-2 is an example showing the improvement in energy collection of a typical 
tracking panel versus a nontracking panel for a flat solar collector. As you can sec, track- 


nontracking (fixed) solar panes. 


Te -Panet's rated current 


Time of day 


‘There are several methods of implementing solar tracking. TWo main ones are sensor con- 


This type of tracking control uses photosensitive devices such as photodiodes or photo- 
resistors. Typically, there are two light sensors for the azimuth control and two for the ele- 
vation control. Each pair senses the direction of light from the sun and activates the motor 


Figure GA4-3 shows the basic idea of a sensor-controlled tracker. Two photodiodes with 
8 light-blocking partition between them are mounted on the same plane as the solar panel 


‘Some solar tracking systems combine both the azimuth and the elevation tracking, which 
is known as dual-axis tracking. Mealy, the solar panel should always face directly 
toward the sun so that the sun light rays are perpendicular to the panel. With dual-axis 
tracking, the annual north-south motion of the sun can be followed in addition to the ated to demonstrate the concept. 


(6) Outputs 
pane! o 


A FIGURE GA4-3, 


‘Simplified illustration of alight sensing control for a solar tracking system. Relative sizes are exagger- 


A FIGURE P-5 


Portion of a typical GreenTech Application. 


Suggestions for Using This Textbook 


As mentioned, this book covers discrete devices and circuits in Chapters | through 11 and 
linear integrated circuits in Chapters 12 through 17. Chapter 18 introduces programming 
concepts for device testing and is linked to Troubleshooting sections. 


Option 1 (two terms) Chapters 1 through 11 can be covered in the first term. 
Depending on individual preferences and program emphasis, selective coverage may be 
necessary. Chapters 12 through 17 can be covered in the second term. Again, selective cov- 
erage may be necessary. 


Option 2 (one term) By omitting certain topics and by maintaining a rigorous schedule, 
this book can be used in one-term courses. For example, a course covering only discrete 
devices and circuits would use Chapters | through 11 with, perhaps, some selectivity. 

Similarly, a course requiring only linear integrated circuit coverage would use Chapters 
12 through 17. Another approach is a very selective coverage of discrete devices and circuits 
topics followed by a limited coverage of integrated circuits (only op-amps, for example). 
Also, elements such as the Multisim exercises, Application Activities, and GreenTech 
Applications can be omitted or selectively used. 


To the Student 


When studying a particular chapter, study one section until you understand it and only then 
move on to the next one. Read each section and study the related illustrations carefully; think 
about the material; work through each example step-by-step, work its Related Problem and 
check the answer; then answer each question in the Section Checkup, and check your 
answers. Don’t expect each concept to be completely clear after a single reading; you may 
have to read the material two or even three times. Once you think that you understand the ma- 
terial, review the chapter summary, key formula list, and key term definitions at the end of the 


chapter. Take the true/false quiz, the circuit-action quiz, and the self-test. Finally, work the as- 
signed problems at the end of the chapter. Working through these problems is perhaps the 
most important way to check and reinforce your comprehension of the chapter. By working 
problems, you acquire an additional level of insight and understanding, and develop logical 
thinking that reading or classroom lectures alone do not provide. 

Generally, you cannot fully understand a concept or procedure by simply watching or 
listening to someone else. Only hard work and critical thinking will produce the results 
you expect and deserve. 
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CHAPTER OUTLINE VISIT THE COMPANION WEBSITE 


1-1 The Atom Study aids for this chapter are available at 
1-2 Materials Used in Electronics http://www.pearsonhighered.com/electronics 


1-3 Current in Semiconductors 


1-4 __N-Type and P-Type Semiconductors INTRODUCTION 
1-5 The PN Junction Electronic devices such as diodes, transistors, and integrated 
GreenTech Application 1: Solar Power circuits are made of a semiconductive material. To under- 
stand how these devices work, you should have a basic 


knowledge of the structure of atoms and the interaction of 7a 
atomic particles. An important concept introduced in this 
¢ Describe the structure of an atom chapter is that of the pn junction that is formed when two 
¢ Discuss insulators, conductors, and semiconductors and different types of semiconductive material are joined. The pn 

how they differ junction is fundamental to the operation of devices such as < 
the solar cell, the diode, and certain types of transistors. 


CHAPTER OBJECTIVES 


@ Describe how current is produced in a semiconductor 


¢ Describe the properties of n-type and p-type 
semiconductors e 


Describe how a pn junction is formed 


KEY TERMS 


Atom 
Proton 
Electron 


Conductor 


Semiconductor 


Silicon 


Shell Crystal 
Valence Hole 
lonization Doping 
Free electron PN junction 
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2  ¢ INTRODUCTION TO ELECTRONICS 


1-1 THE ATOM 


HISTORY NOTE 


All matter is composed of atoms; all atoms consist of electrons, protons, and neutrons 
except normal hydrogen, which does not have a neutron. Each element in the periodic 
table has a unique atomic structure, and all atoms within a given element have the same 
number of protons. At first, the atom was thought to be a tiny indivisible sphere. Later it 
was shown that the atom was not a single particle but was made up of a small dense 
nucleus around which electrons orbit at great distances from the nucleus, similar to the 
way planets orbit the sun. Niels Bohr proposed that the electrons in an atom circle the 
nucleus in different obits, similar to the way planets orbit the sun in our solar system. The 
Bohr model is often referred to as the planetary model. Another view of the atom called 
the quantum model is considered a more accurate representation, but it is difficult to 
visualize. For most practical purposes in electronics, the Bohr model suffices and is 
commonly used because it is easy to visualize. 


After completing this section, you should be able to 


4 Describe the structure of an atom 
¢ Discuss the Bohr model of anatom ¢ Define electron, proton, neutron, and 
nucleus 
4 Define atomic number 
4 Discuss electron shells and orbits 
« Explain energy levels 
4 Define valence electron 
Discuss ionization 
¢ Define free electron and ion 
4 Discuss the basic concept of the quantum model of the atom 


The Bohr Model 


An atom* is the smallest particle of an element that retains the characteristics of that ele- 
ment. Each of the known 118 elements has atoms that are different from the atoms of all 
other elements. This gives each element a unique atomic structure. According to the clas- 
sical Bohr model, atoms have a planetary type of structure that consists of a central nucleus 
surrounded by orbiting electrons, as illustrated in Figure 1-1. The nucleus consists of pos- 
itively charged particles called protons and uncharged particles called neutrons. The 
basic particles of negative charge are called electrons. 

Each type of atom has a certain number of electrons and protons that distinguishes it 
from the atoms of all other elements. For example, the simplest atom is that of hydrogen, 
which has one proton and one electron, as shown in Figure 1—2(a). As another example, the 
helium atom, shown in Figure 1—2(b), has two protons and two neutrons in the nucleus and 
two electrons orbiting the nucleus. 


Atomic Number 


All elements are arranged in the periodic table of the elements in order according to their 
atomic number. The atomic number equals the number of protons in the nucleus, which is 
the same as the number of electrons in an electrically balanced (neutral) atom. For example, 
hydrogen has an atomic number of | and helium has an atomic number of 2. In their normal 
(or neutral) state, all atoms of a given element have the same number of electrons as protons; 
the positive charges cancel the negative charges, and the atom has a net charge of zero. 


*All bold terms are in the end-of-book glossary. The bold terms in color are key terms and are also defined 
at the end of the chapter. 


=) Electron ea Proton e Neutron 


A FIGURE 1-1 


The Bohr model of an atom showing electrons in orbits around the nucleus, which consists of 
protons and neutrons. The “tails” on the electrons indicate motion. 
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(a) Hydrogen atom (b) Helium atom 


A FIGURE 1-2 


Two simple atoms, hydrogen and helium. 


Atomic numbers of all the elements are shown on the periodic table of the elements in 
Figure 1-3. 


Electrons and Shells 


Energy Levels Electrons orbit the nucleus of an atom at certain distances from the nu- 
cleus. Electrons near the nucleus have less energy than those in more distant orbits. Only 
discrete (separate and distinct) values of electron energies exist within atomic structures. 
Therefore, electrons must orbit only at discrete distances from the nucleus. 

Each discrete distance (orbit) from the nucleus corresponds to a certain energy level. In 
an atom, the orbits are grouped into energy levels known as shells. A given atom has a 
fixed number of shells. Each shell has a fixed maximum number of electrons. The shells 
(energy levels) are designated 1, 2, 3, and so on, with | being closest to the nucleus. The 
Bohr model of the silicon atom is shown in Figure 1—4. Notice that there are 14 electrons 
and 14 each of protons and neutrons in the nucleus. 
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Equation 1-1 


Helium 
Atomic number = 2 


Silicon 
Atomic number = 14 


A FIGURE 1-3 
The periodic table of the elements. Some tables also show atomic mass. 


>» FIGURE 1-4 


Illustration of the Bohr model of the 
silicon atom. 


The Maximum Number of Electrons in Each Shell The maximum number of elec- 
trons (N,) that can exist in each shell of an atom is a fact of nature and can be calculated by 
the formula, 


Ny = 2n* 


where 7 is the number of the shell. The maximum number of electrons that can exist in the 
innermost shell (shell 1) is 


N2= on = 20) =2 


The maximum number of electrons that can exist in shell 2 is 


Ne = ne? = 20) S24) =3 


The maximum number of electrons that can exist in shell 3 is 


N, = 2n = 237 = 20) = 18 


The maximum number of electrons that can exist in shell 4 is 


N, = 2n* = 2(4) = 2(16):= 32 


Valence Electrons 


Electrons that are in orbits farther from the nucleus have higher energy and are less tightly 
bound to the atom than those closer to the nucleus. This is because the force of attraction 
between the positively charged nucleus and the negatively charged electron decreases with 
increasing distance from the nucleus. Electrons with the highest energy exist in the outer- 
most shell of an atom and are relatively loosely bound to the atom. This outermost shell is 
known as the valence shell and electrons in this shell are called valence electrons. These 
valence electrons contribute to chemical reactions and bonding within the structure of a 
material and determine its electrical properties. When a valence electron gains sufficient 
energy from an external source, it can break free from its atom. This is the basis for con- 
duction in materials. 


lonization 


When an atom absorbs energy from a heat source or from light, for example, the energies 
of the electrons are raised. The valence electrons possess more energy and are more 
loosely bound to the atom than inner electrons, so they can easily jump to higher energy 
shells when external energy is absorbed by the atom. 

If a valence electron acquires a sufficient amount of energy, called ionization energy, it 
can actually escape from the outer shell and the atom’s influence. The departure of a valence 
electron leaves a previously neutral atom with an excess of positive charge (more protons 
than electrons). The process of losing a valence electron is known as ionization, and the 
resulting positively charged atom is called a positive ion. For example, the chemical symbol 
for hydrogen is H. When a neutral hydrogen atom loses its valence electron and becomes a 
positive ion, it is designated H*. The escaped valence electron is called a free electron. 

The reverse process can occur in certain atoms when a free electron collides with the atom 
and is captured, releasing energy. The atom that has acquired the extra electron is called a 
negative ion. The ionization process is not restricted to single atoms. In many chemical reac- 
tions, a group of atoms that are bonded together can lose or acquire one or more electrons. 

For some nonmetallic materials such as chlorine, a free electron can be captured by the 
neutral atom, forming a negative ion. In the case of chlorine, the ion is more stable than the 
neutral atom because it has a filled outer shell. The chlorine ion is designated as CI. 


The Quantum Model 


Although the Bohr model of an atom is widely used because of its simplicity and ease of 
visualization, it is not a complete model. The quantum model, a more recent model, is con- 
sidered to be more accurate. The quantum model is a statistical model and very difficult to 
understand or visualize. Like the Bohr model, the quantum model has a nucleus of protons 
and neutrons surrounded by electrons. Unlike the Bohr model, the electrons in the quan- 
tum model do not exist in precise circular orbits as particles. Two important theories under- 
lie the quantum model: the wave-particle duality and the uncertainty principle. 


¢ Wave-particle duality. Just as light can be both a wave and a particle (photon), 
electrons are thought to exhibit a dual characteristic. The velocity of an orbiting elec- 
tron is considered to be its wavelength, which interferes with neighboring electron 
waves by amplifying or canceling each other. 
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equation for electrons. 


» TABLE 1-1 


Electron configuration table for 
nitrogen. 


¢ Uncertainly principle. As you know, a wave is characterized by peaks and valleys; 
therefore, electrons acting as waves cannot be precisely identified in terms of their posi- 
tion. According to Heisenberg, it is impossible to determine simultaneously both the 
position and velocity of an electron with any degree of accuracy or certainty. The result 
of this principle produces a concept of the atom with probability clouds, which are 
mathematical descriptions of where electrons in an atom are most likely to be located. 


In the quantum model, each shell or energy level consists of up to four subshells called 
orbitals, which are designated s, p, d, and f: Orbital s can hold a maximum of two electrons, 
orbital p can hold six electrons, orbital d can hold ten electrons, and orbital fcan hold four- 
teen electrons. Each atom can be described by an electron configuration table that shows 
the shells or energy levels, the orbitals, and the number of electrons in each orbital. For 
example, the electron configuration table for the nitrogen atom is given in Table 1-1. The 
first full-size number is the shell or energy level, the letter is the orbital, and the exponent 
is the number of electrons in the orbital. 


NOTATION EXPLANATION 


1s? 2 electrons in shell 1, orbital 
De 2p? 5 electrons in shell 2: 2 in orbital s, 3 in orbital p 


Atomic orbitals do not resemble a discrete circular path for the electron as depicted in 
Bohr’s planetary model. In the quantum picture, each shell in the Bohr model is a three- 
dimensional space surrounding the atom that represents the mean (average) energy of the 
electron cloud. The term electron cloud (probability cloud) is used to describe the area 
around an atom’s nucleus where an electron will probably be found. 


EXAMPLE 1-1 
Solution 
» TABLE 1-2 
Related Problem* 


Using the atomic number from the periodic table in Figure 1-3, describe a silicon (Si) 
atom using an electron configuration table. 


The atomic number of silicon is 14. This means that there are 14 protons in the nucleus. 
Since there is always the same number of electrons as protons in a neutral atom, there 
are also 14 electrons. As you know, there can be up to two electrons in shell 1, eight in 
shell 2, and eighteen in shell 3. Therefore, in silicon there are two electrons in shell 1, 
eight electrons in shell 2, and four electrons in shell 3 for a total of 14 electrons. The 
electron configuration table for silicon is shown in Table 1-2. 


NOTATION EXPLANATION 


1s? 2 electrons in shell 1, orbital s 
2s” 2p® 8 electrons in shell 2: 2 in orbital s, 6 in orbital p 
3s* 3p? 4 electrons in shell 3: 2 in orbital s, 2 in orbital p 


Develop an electron configuration table for the germanium (Ge) atom in the periodic table. 


“Answers can be found at www.pearsonhighered.com/floyd. 


In a three-dimensional representation of the quantum model of an atom, the s-orbitals 
are shaped like spheres with the nucleus in the center. For energy level 1, the sphere is 
“solid” but for energy levels 2 or more, each single s-orbital is composed of spherical surfaces 
that are nested shells. A p-orbital for shell 2 has the form of two ellipsoidal lobes with a 
point of tangency at the nucleus (sometimes referred to as a dumbbell shape.) The three 
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p-orbitals in each energy level are oriented at right angles to each other. One is oriented on 
the x-axis, one on the y-axis, and one on the z-axis. For example, a view of the quantum 
model of a sodium atom (Na) that has 11 electrons is shown in Figure 1-5. The three axes 
are shown to give you a 3-D perspective. 


2py orbital (2 electrons) <@ FIGURE 1-5 
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each orbital. 


2p, orbital (2 electrons) 1s orbital (2 electrons) 


2s orbital (2 electrons) 
3s orbital (1 electron) 


X-axis 


et Nucleus 


y-axis 


Three-dimensional quantum model 
of the sodium atom, showing the 
2p, orbital (2 electrons) — orbitals and number of electrons in 


ne atom. 


atom composed of? Define each component. 


| orbits and their energy levels. 


een positive and negative ionization. 
guish the quantum model. 


1—2 MATERIALS USED IN ELECTRONICS 


In terms of their electrical properties, materials can be classified into three groups: con- 


ductors, semiconductors, and insulators. When atoms combine to form a solid, crystalline 


material, they arrange themselves in a symmetrical pattern. The atoms within the crystal 
structure are held together by covalent bonds, which are created by the interaction of the 


valence electrons of the atoms. Silicon is a crystalline material. 


After completing this section, you should be able to 
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A FIGURE 1-6 


Valence electrons 


Core (+4) 


Diagram of a carbon atom. 


Insulators, Conductors, and Semiconductors 


All materials are made up of atoms. These atoms contribute to the electrical properties of a 
material, including its ability to conduct electrical current. 

For purposes of discussing electrical properties, an atom can be represented by the 
valence shell and a core that consists of all the inner shells and the nucleus. This concept is 
illustrated in Figure 1-6 for a carbon atom. Carbon is used in some types of electrical 
resistors. Notice that the carbon atom has four electrons in the valence shell and two electrons 
in the inner shell. The nucleus consists of six protons and six neutrons, so the +6 indicates 
the positive charge of the six protons. The core has a net charge of +4 (+6 for the nucleus 
and —2 for the two inner-shell electrons). 


Insulators An insulator is a material that does not conduct electrical current under nor- 
mal conditions. Most good insulators are compounds rather than single-element materials 
and have very high resistivities. Valence electrons are tightly bound to the atoms; there- 
fore, there are very few free electrons in an insulator. Examples of insulators are rubber, 
plastics, glass, mica, and quartz. 


Conductors A conductor is a material that easily conducts electrical current. Most 
metals are good conductors. The best conductors are single-element materials, such as 
copper (Cu), silver (Ag), gold (Au), and aluminum (Al), which are characterized by atoms 
with only one valence electron very loosely bound to the atom. These loosely bound va- 
lence electrons become free electrons. Therefore, in a conductive material the free elec- 
trons are valence electrons. 


Semiconductors A semiconductor is a material that is between conductors and insula- 
tors in its ability to conduct electrical current. A semiconductor in its pure (intrinsic) state 
is neither a good conductor nor a good insulator. Single-element semiconductors are 
antimony (Sb), arsenic (As), astatine (At), boron (B), polonium (Po), tellurium (Te), 
silicon (Si), and germanium (Ge). Compound semiconductors such as gallium arsenide, 
indium phosphide, gallium nitride, silicon carbide, and silicon germanium are also com- 
monly used. The single-element semiconductors are characterized by atoms with four va- 
lence electrons. Silicon is the most commonly used semiconductor. 


Band Gap 


Recall that the valence shell of an atom represents a band of energy levels and that the va- 
lence electrons are confined to that band. When an electron acquires enough additional en- 
ergy, it can leave the valence shell, become a free electron, and exist in what is known as 
the conduction band. 

The difference in energy between the valence band and the conduction band is called 
an energy gap or band gap. This is the amount of energy that a valence electron must 
have in order to jump from the valence band to the conduction band. Once in the conduc- 
tion band, the electron is free to move throughout the material and is not tied to any 
given atom. 

Figure 1-7 shows energy diagrams for insulators, semiconductors, and conductors. The 
energy gap or band gap is the difference between two energy levels and is “not allowed” in 
quantum theory. It is a region in insulators and semiconductors where no electron states 
exist. Although an electron may not exist in this region, it can “jump” across it under cer- 
tain conditions. For insulators, the gap can be crossed only when breakdown conditions 
occur—as when a very high voltage is applied across the material. The band gap is illus- 
trated in Figure 1—7(a) for insulators. In semiconductors the band gap is smaller, allowing 
an electron in the valence band to jump into the conduction band if it absorbs a photon. The 
band gap depends on the semiconductor material. This is illustrated in Figure 1—7(b). In 
conductors, the conduction band and valence band overlap, so there is no gap, as shown in 
Figure 1—7(c). This means that electrons in the valence band move freely into the conduc- 
tion band, so there are always electrons available as free electrons. 
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Energy diagrams for the three types 
of materials. 


Band gap 


Band gap 
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(a) Insulator (b) Semiconductor (c) Conductor 


Comparison of a Semiconductor Atom to a Conductor Atom 


Silicon is a semiconductor and copper is a conductor. Bohr diagrams of the silicon atom and 
the copper atom are shown in Figure 1-8. Notice that the core of the silicon atom has a net 
charge of +4 (14 protons — 10 electrons) and the core of the copper atom has a net charge of 
+1 (29 protons — 28 electrons). The core includes everything except the valence electrons. 


Valence electron <4 FIGURE 1-8 


Bohr diagrams of the silicon and 


Core (+1)  COPPEer atoms. 
Valence electrons 


Core (+4) 


(a) Silicon atom (b) Copper atom 


The valence electron in the copper atom “feels” an attractive force of + 1 compared to a 
valence electron in the silicon atom which “feels” an attractive force of +4. Therefore, 
there is more force trying to hold a valence electron to the atom in silicon than in copper. 
The copper’s valence electron is in the fourth shell, which is a greater distance from its nu- 
cleus than the silicon’s valence electron in the third shell. Recall that electrons farthest 
from the nucleus have the most energy. The valence electron in copper has more energy 
than the valence electron in silicon. This means that it is easier for valence electrons in 
copper to acquire enough additional energy to escape from their atoms and become free 
electrons than it is in silicon. In fact, large numbers of valence electrons in copper already 
have sufficient energy to be free electrons at normal room temperature. 


Silicon and Germanium 


The atomic structures of silicon and germanium are compared in Figure 1-9. Silicon is 
used in diodes, transistors, integrated circuits, and other semiconductor devices. Notice 
that both silicon and germanium have the characteristic four valence electrons. 
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» FIGURE 1-9 


Diagrams of the silicon and germa- 
nium atoms. 


» FIGURE 1-10 


Illustration of covalent bonds in 
silicon. 


Four valence electrons in 
the outer (valence) shell 


Silicon atom Germanium atom 


The valence electrons in germanium are in the fourth shell while those in silicon are in 
the third shell, closer to the nucleus. This means that the germanium valence electrons are 
at higher energy levels than those in silicon and, therefore, require a smaller amount of ad- 
ditional energy to escape from the atom. This property makes germanium more unstable at 
high temperatures and results in excessive reverse current. This is why silicon is a more 
widely used semiconductive material. 


Covalent Bonds Figure 1-10 shows how each silicon atom positions itself with four 
adjacent silicon atoms to form a silicon crystal. A silicon (Si) atom with its four valence 
electrons shares an electron with each of its four neighbors. This effectively creates eight 
shared valence electrons for each atom and produces a state of chemical stability. Also, this 
sharing of valence electrons produces the covalent bonds that hold the atoms together; 
each valence electron is attracted equally by the two adjacent atoms which share it. 
Covalent bonding in an intrinsic silicon crystal is shown in Figure 1-11. An intrinsic crys- 
tal is one that has no impurities. Covalent bonding for germanium is similar because it also 
has four valence electrons. 


(a) The center silicon atom shares an electron with each (b) Bonding diagram. The red negative signs 
of the four surrounding silicon atoms, creating a represent the shared valence electrons. 
covalent bond with each. The surrounding atoms are 
in turn bonded to other atoms, and so on. 
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<¢ FIGURE 1-11 


Covalent bonds in a silicon crystal. 


c difference between conductors and insulators? 

nductors differ from conductors and insulators? 

electrons does a conductor such as copper have? 

ce electrons does a semiconductor have? 

the best conductive materials. 

widely used semiconductive material? 

miconductor have fewer free electrons than a conductor? 
nt bonds formed? 


1—3 CURRENT IN SEMICONDUCTORS 


The way a material conducts electrical current is important in understanding how 
electronic devices operate. You can’t really understand the operation of a device such 
as a diode or transistor without knowing something about current in semiconductors. 


After completing this section, you should be able to 


4 Describe how current is produced in a semiconductor 
4 Discuss conduction electrons and holes 

¢ Explain an electron-hole pair ¢ Discuss recombination 
4 Explain electron and hole current 


As you have learned, the electrons of an atom can exist only within prescribed energy 
bands. Each shell around the nucleus corresponds to a certain energy band and is separated 
from adjacent shells by band gaps, in which no electrons can exist. Figure 1-12 shows the 
energy band diagram for an unexcited (no external energy such as heat) atom in a pure sil- 
icon crystal. This condition occurs only at a temperature of absolute 0 Kelvin. 
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>» FIGURE 1-12 


Energy band diagram for an unexcited 
atom in a pure (intrinsic) silicon 
crystal. There are no electrons in the 
conduction band. 


> FIGURE 1-13 


Creation of electron-hole pairs in a 
silicon crystal. Electrons in the con- 
duction band are free electrons. 
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Conduction Electrons and Holes 


An intrinsic (pure) silicon crystal at room temperature has sufficient heat (thermal) energy 
for some valence electrons to jump the gap from the valence band into the conduction band, 
becoming free electrons. Free electrons are also called conduction electrons. This is illus- 
trated in the energy diagram of Figure 1—13(a) and in the bonding diagram of Figure 1—13(b). 


Energy 
A Free 
electron 
Conduction © 
band [= 


Valence 
band 


Electron-hole pair 


(a) Energy diagram (b) Bonding diagram 


When an electron jumps to the conduction band, a vacancy is left in the valence band 
within the crystal. This vacancy is called a hole. For every electron raised to the conduc- 
tion band by external energy, there is one hole left in the valence band, creating what is 
called an electron-hole pair. Recombination occurs when a conduction-band electron 
loses energy and falls back into a hole in the valence band. 

To summarize, a piece of intrinsic silicon at room temperature has, at any instant, a 
number of conduction-band (free) electrons that are unattached to any atom and are essen- 
tially drifting randomly throughout the material. There is also an equal number of holes in 
the valence band created when these electrons jump into the conduction band. This is illus- 
trated in Figure 1-14. 
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When a voltage is applied across a piece of intrinsic silicon, as shown in Figure 1-15, the ther- 
mally generated free electrons in the conduction band, which are free to move randomly in 
the crystal structure, are now easily attracted toward the positive end. This movement of free 
electrons is one type of current in a semiconductive material and is called electron current. 
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Another type of current occurs in the valence band, where the holes created by the free 
electrons exist. Electrons remaining in the valence band are still attached to their atoms 
and are not free to move randomly in the crystal structure as are the free electrons. 
However, a valence electron can move into a nearby hole with little change in its energy 
level, thus leaving another hole where it came from. Effectively the hole has moved from 
one place to another in the crystal structure, as illustrated in Figure 1-16. Although current 
in the valence band is produced by valence electrons, it is called hole current to distinguish 
it from electron current in the conduction band. 

As you have seen, conduction in semiconductors is considered to be either the move- 
ment of free electrons in the conduction band or the movement of holes in the valence 
band, which is actually the movement of valence electrons to nearby atoms, creating hole 
current in the opposite direction. 

It is interesting to contrast the two types of charge movement in a semiconductor with 
the charge movement in a metallic conductor, such as copper. Copper atoms form a differ- 
ent type of crystal in which the atoms are not covalently bonded to each other but consist 
of a “sea” of positive ion cores, which are atoms stripped of their valence electrons. The 
valence electrons are attracted to the positive ions, keeping the positive ions together and 
forming the metallic bond. The valence electrons do not belong to a given atom, but to the 
crystal as a whole. Since the valence electrons in copper are free to move, the application 
of a voltage results in current. There is only one type of current—the movement of free 
electrons—because there are no “holes” in the metallic crystal structure. 


<@ FIGURE 1-14 


Electron-hole pairs in a silicon crystal. 
Free electrons are being generated 
continuously while some recombine 
with holes. 


<¢ FIGURE 1-15 


Electron current in intrinsic silicon is 
produced by the movement of ther- 
mally generated free electrons. 
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When a valence electron moves left to right to fill a hole while leaving another hole behind, the hole 
has effectively moved from right to left. Gray arrows indicate effective movement of a hole. 
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1-4 N-TypE AND P-TyPpE SEMICONDUCTORS 


Semiconductive materials do not conduct current well and are of limited value in their 
intrinsic state. This is because of the limited number of free electrons in the conduction 
band and holes in the valence band. Intrinsic silicon (or germanium) must be modified by 
increasing the number of free electrons or holes to increase its conductivity and make it 
useful in electronic devices. This is done by adding impurities to the intrinsic material. 
Two types of extrinsic (impure) semiconductive materials, n-type and p-type, are the key 
building blocks for most types of electronic devices. 


After completing this section, you should be able to 


4 Describe the properties of n-type and p-type semiconductors 

¢ Define doping 
4 Explain how n-type semiconductors are formed 

¢ Describe a majority carrier and minority carrier in n-type material 
4 Explain how p-type semiconductors are formed 

¢ Describe a majority carrier and minority carrier in p-type material 


Since semiconductors are generally poor conductors, their conductivity can be drasti- 
cally increased by the controlled addition of impurities to the intrinsic (pure) semiconductive 
material. This process, called doping, increases the number of current carriers (electrons 
or holes). The two categories of impurities are n-type and p-type. 


N-Type Semiconductor 


To increase the number of conduction-band electrons in intrinsic silicon, pentavalent im- 
purity atoms are added. These are atoms with five valence electrons such as arsenic (As), 
phosphorus (P), bismuth (Bi), and antimony (Sb). 
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As illustrated in Figure 1-17, each pentavalent atom (antimony, in this case) forms co- 
valent bonds with four adjacent silicon atoms. Four of the antimony atom’s valence elec- 
trons are used to form the covalent bonds with silicon atoms, leaving one extra electron. 
This extra electron becomes a conduction electron because it is not involved in bonding. 
Because the pentavalent atom gives up an electron, it is often called a donor atom. The 
number of conduction electrons can be carefully controlled by the number of impurity 
atoms added to the silicon. A conduction electron created by this doping process does not 
leave a hole in the valence band because it is in excess of the number required to fill the 
valence band. 
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Majority and Minority Carriers Since most of the current carriers are electrons, silicon 
(or germanium) doped with pentavalent atoms is an n-type semiconductor (the n stands for 
the negative charge on an electron). The electrons are called the majority carriers in 
n-type material. Although the majority of current carriers in n-type material are electrons, 
there are also a few holes that are created when electron-hole pairs are thermally gener- 
ated. These holes are not produced by the addition of the pentavalent impurity atoms. 
Holes in an n-type material are called minority carriers. 


P-Type Semiconductor 


To increase the number of holes in intrinsic silicon, trivalent impurity atoms are added. 
These are atoms with three valence electrons such as boron (B), indium (In), and gallium 
(Ga). As illustrated in Figure 1-18, each trivalent atom (boron, in this case) forms covalent 
bonds with four adjacent silicon atoms. All three of the boron atom’s valence electrons are 
used in the covalent bonds; and, since four electrons are required, a hole results when each 
trivalent atom is added. Because the trivalent atom can take an electron, it is often referred 
to as an acceptor atom. The number of holes can be carefully controlled by the number of 
trivalent impurity atoms added to the silicon. A hole created by this doping process is not 
accompanied by a conduction (free) electron. 


Majority and Minority Carriers Since most of the current carriers are holes, silicon (or 
germanium) doped with trivalent atoms is called a p-type semiconductor. The holes are the 
majority carriers in p-type material. Although the majority of current carriers in p-type 
material are holes, there are also a few conduction-band electrons that are created when 
electron-hole pairs are thermally generated. These conduction-band electrons are not pro- 
duced by the addition of the trivalent impurity atoms. Conduction-band electrons in p-type 
material are the minority carriers. 


<@ FIGURE 1-17 


Pentavalent impurity atom in a sili- 
con crystal structure. An antimony 
(Sb) impurity atom is shown in the 
center. The extra electron from the 
Sb atom becomes a free electron. 
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> FIGURE 1-18 


Trivalent impurity atom in a silicon 
crystal structure. A boron (B) impu- 
tity atom is shown in the center. 
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1—5 THE PN JUNCTION 


When you take a block of silicon and dope part of it with a trivalent impurity and the other 
part with a pentavalent impurity, a boundary called the pn junction is formed between the 
resulting p-type and n-type portions. The pn junction is the basis for diodes, certain transis- 
tors, solar cells, and other devices, as you will learn later. 


After completing this section, you should be able to 


4 Describe how a pn junction is formed 
¢ Discuss diffusion across a pn junction 
4 Explain the formation of the depletion region 
¢ Define barrier potential and discuss its significance ¢ State the values of barrier 
potential in silicon and germanium 
4 Discuss energy diagrams 
¢ Define energy hill 


A p-type material consists of silicon atoms and trivalent impurity atoms such as boron. 
The boron atom adds a hole when it bonds with the silicon atoms. However, since the num- 
ber of protons and the number of electrons are equal throughout the material, there is no 
net charge in the material and so it is neutral. 
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An n-type silicon material consists of silicon atoms and pentavalent impurity atoms such as 
antimony. As you have seen, an impurity atom releases an electron when it bonds with four 
silicon atoms. Since there is still an equal number of protons and electrons (including the free 
electrons) throughout the material, there is no net charge in the material and so it is neutral. 

If a piece of intrinsic silicon is doped so that part is n-type and the other part is p-type, 
a pn junction forms at the boundary between the two regions and a diode is created, as 
indicated in Figure 1—-19(a). The p region has many holes (majority carriers) from the 
impurity atoms and only a few thermally generated free electrons (minority carriers). The 
n region has many free electrons (majority carriers) from the impurity atoms and only a 
few thermally generated holes (minority carriers). 


pn junction Depletion region 


p region / n region p region n region 
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potential 


(a) The basic silicon structure at the instant of junction formation (b) For every electron that diffuses across the junction and 
showing only the majority and minority carriers. Free electrons combines with a hole, a positive charge is left in the n region 
in the n region near the pn junction begin to diffuse across the and a negative charge is created in the p region, forming a 
junction and fall into holes near the junction in the p region. barrier potential. This action continues until the voltage of 


the barrier repels further diffusion. The blue arrows between 
the positive and negative charges in the depletion region 
represent the electric field. 


A FIGURE 1-19 


Formation of the depletion region. The width of the depletion region is exaggerated for illustration 
purposes. 


HISTORY NOTE 


Formation of the Depletion Region 


The free electrons in the n region are randomly drifting in all directions. At the instant of 
the pn junction formation, the free electrons near the junction in the n region begin to dif- 
fuse across the junction into the p region where they combine with holes near the junction, 
as shown in Figure 1—19(b). 

Before the pn junction is formed, recall that there are as many electrons as protons in 
the n-type material, making the material neutral in terms of net charge. The same is true for 
the p-type material. 

When the pn junction is formed, the n region loses free electrons as they diffuse across 
the junction. This creates a layer of positive charges (pentavalent ions) near the junction. 
As the electrons move across the junction, the p region loses holes as the electrons and 
holes combine. This creates a layer of negative charges (trivalent ions) near the junction. 
These two layers of positive and negative charges form the depletion region, as shown in 
Figure 1-19(b). The term depletion refers to the fact that the region near the pn junction is 
depleted of charge carriers (electrons and holes) due to diffusion across the junction. Keep 
in mind that the depletion region is formed very quickly and is very thin compared to the n 
region and p region. 

After the initial surge of free electrons across the pn junction, the depletion region has 
expanded to a point where equilibrium is established and there is no further diffusion of 
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HISTORY NOTE 


electrons across the junction. This occurs as follows. As electrons continue to diffuse 
across the junction, more and more positive and negative charges are created near the junc- 
tion as the depletion region is formed. A point is reached where the total negative charge in 
the depletion region repels any further diffusion of electrons (negatively charged particles) 
into the p region (like charges repel) and the diffusion stops. In other words, the depletion 
region acts as a barrier to the further movement of electrons across the junction. 


Barrier Potential Any time there is a positive charge and a negative charge near each 
other, there is a force acting on the charges as described by Coulomb’s law. In the depletion re- 
gion there are many positive charges and many negative charges on opposite sides of the pn 
junction. The forces between the opposite charges form an electric field, as illustrated in 
Figure 1—19(b) by the blue arrows between the positive charges and the negative charges. This 
electric field is a barrier to the free electrons in the n region, and energy must be expended to 
move an electron through the electric field. That is, external energy must be applied to get the 
electrons to move across the barrier of the electric field in the depletion region. 

The potential difference of the electric field across the depletion region is the amount of 
voltage required to move electrons through the electric field. This potential difference is 
called the barrier potential and is expressed in volts. Stated another way, a certain 
amount of voltage equal to the barrier potential and with the proper polarity must be ap- 
plied across a pn junction before electrons will begin to flow across the junction. You will 
learn more about this when we discuss biasing in Chapter 2. 

The barrier potential of a pn junction depends on several factors, including the type of 
semiconductive material, the amount of doping, and the temperature. The typical barrier 
potential is approximately 0.7 V for silicon and 0.3 V for germanium at 25°C. Because ger- 
manium devices are not widely used, silicon will be used throughout the rest of the book. 


Energy Diagrams of the PN Junction and Depletion Region 


The valence and conduction bands in an n-type material are at slightly lower energy levels 
than the valence and conduction bands in a p-type material. Recall that p-type material has 
trivalent impurities and n-type material has pentavalent impurities. The trivalent impurities 
exert lower forces on the outer-shell electrons than the pentavalent impurities. The lower 
forces in p-type materials mean that the electron orbits are slightly larger and hence have 
greater energy than the electron orbits in the n-type materials. 

An energy diagram for a pn junction at the instant of formation is shown in Figure 
1-20(a). As you can see, the valence and conduction bands in the n region are at lower en- 
ergy levels than those in the p region, but there is a significant amount of overlapping. 

The free electrons in the n region that occupy the upper part of the conduction band in 
terms of their energy can easily diffuse across the junction (they do not have to gain addi- 
tional energy) and temporarily become free electrons in the lower part of the p-region con- 
duction band. After crossing the junction, the electrons quickly lose energy and fall into 
the holes in the p-region valence band as indicated in Figure 1-20(a). 

As the diffusion continues, the depletion region begins to form and the energy level of 
the n-region conduction band decreases. The decrease in the energy level of the conduction 
band in the 7 region is due to the loss of the higher-energy electrons that have diffused 
across the junction to the p region. Soon, there are no electrons left in the n-region conduc- 
tion band with enough energy to get across the junction to the p-region conduction band, as 
indicated by the alignment of the top of the n-region conduction band and the bottom of the 
p-region conduction band in Figure 1—20(b). At this point, the junction is at equilibrium; 
and the depletion region is complete because diffusion has ceased. There is an energy gra- 
diant across the depletion region which acts as an “energy hill” that an n-region electron 
must climb to get to the p region. 

Notice that as the energy level of the n-region conduction band has shifted downward, 
the energy level of the valence band has also shifted downward. It still takes the same 
amount of energy for a valence electron to become a free electron. In other words, the en- 
ergy gap between the valence band and the conduction band remains the same. 


SUMMARY ¢ 19 


Energy Energy 
A 
Minority carriers a . 
Majority carriers 
Conduction Conduction 
band band 
i 
I 
Valence ) Valence | 
mie © @ @ © band 
I 
Majority carriers aS : I 
Minority carriers 
| 
0 0 | | 
p region pn junction n region p region pn junction n region 
and depletion 
region 
(a) At the instant of junction formation (b) At equilibrium 


A FIGURE 1-20 


Energy diagrams illustrating the formation of the pn junction and depletion region. 


letion region. 
barrier potential is and how it is created. 
value of the barrier potential for a silicon diode? 
lue of the barrier potential for a germanium diode? 


Section 1-1 ® According to the classical Bohr model, the atom is viewed as having a planetary-type structure 
with electrons orbiting at various distances around the central nucleus. 


® According to the quantum model, electrons do not exist in precise circular orbits as particles as 
in the Bohr model. The electrons can be waves or particles and precise location at any time is 
uncertain. 

® The nucleus of an atom consists of protons and neutrons. The protons have a positive charge and 
the neutrons are uncharged. The number of protons is the atomic number of the atom. 

® Electrons have a negative charge and orbit around the nucleus at distances that depend on their 
energy level. An atom has discrete bands of energy called shells in which the electrons orbit. 
Atomic structure allows a certain maximum number of electrons in each shell. In their natural 
state, all atoms are neutral because they have an equal number of protons and electrons. 

® The outermost shell or band of an atom is called the valence band, and electrons that orbit in 
this band are called valence electrons. These electrons have the highest energy of all those in the 
atom. If a valence electron acquires enough energy from an outside source such as heat, it can 
jump out of the valence band and break away from its atom. 

Section 1-2. ® Insulating materials have very few free electrons and do not conduct current at all under normal 

circumstances. 


® Materials that are conductors have a large number of free electrons and conduct current very well. 

® Semiconductive materials fall in between conductors and insulators in their ability to conduct 
current. 

® Semiconductor atoms have four valence electrons. Silicon is the most widely used semiconduc- 
tive material. 


® Semiconductor atoms bond together in a symmetrical pattern to form a solid material called a 
crystal. The bonds that hold a crystal together are called covalent bonds. 


® The valence electrons that manage to escape from their parent atom are called conduction elec- 
trons or free electrons. They have more energy than the electrons in the valence band and are 
free to drift throughout the material. 


® When an electron breaks away to become free, it leaves a hole in the valence band creating what 
is called an electron-hole pair. These electron-hole pairs are thermally produced because the 
electron has acquired enough energy from external heat to break away from its atom. 


® A free electron will eventually lose energy and fall back into a hole. This is called 
recombination. Electron-hole pairs are continuously being thermally generated so there are al- 
ways free electrons in the material. 


® When a voltage is applied across the semiconductor, the thermally produced free electrons move 
toward the positive end and form the current. This is one type of current and is called electron 
current. 


® Another type of current is the hole current. This occurs as valence electrons move from hole to 
hole creating, in effect, a movement of holes in the opposite direction. 


® Ann-type semiconductive material is created by adding impurity atoms that have five valence 
electrons. These impurities are pentavalent atoms. A p-type semiconductor is created by adding 
impurity atoms with only three valence electrons. These impurities are trivalent atoms. 


® The process of adding pentavalent or trivalent impurities to a semiconductor is called doping. 


® The majority carriers in an n-type semiconductor are free electrons acquired by the doping 
process, and the minority carriers are holes produced by thermally generated electron-hole 
pairs. The majority carriers in a p-type semiconductor are holes acquired by the doping 
process, and the minority carriers are free electrons produced by thermally generated 
electron-hole pairs. 


® A pn junction is formed when part of a material is doped n-type and part of it is doped p-type. A 
depletion region forms starting at the junction that is devoid of any majority carriers. The deple- 
tion region is formed by ionization. 


® The barrier potential is typically 0.7 V for a silicon diode and 0.3 V for germanium. 
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Section 1-3 
Section 1—4 
Section 1-5 
KEY TERMS 


Key terms and other bold terms are defined in the end-of-book glossary. 


Atom The smallest particle of an element that possesses the unique characteristics of that element. 


Barrier potential The amount of energy required to produce full conduction across the pn junc- 
tion in forward bias. 


Conductor A material that easily conducts electrical current. 
Crystal A solid material in which the atoms are arranged in a symmetrical pattern. 


Doping The process of imparting impurities to an intrinsic semiconductive material in order to 
control its conduction characteristics. 


Electron The basic particle of negative electrical charge. 


Free electron An electron that has acquired enough energy to break away from the valence band of 
the parent atom; also called a conduction electron. 


Hole The absence of an electron in the valence band of an atom. 
Insulator A material that does not normally conduct current. 


Ionization The removal or addition of an electron from or to a neutral atom so that the resulting 
atom (called an ion) has a net positive or negative charge. 


Orbital Subshell in the quantum model of an atom. 
PN junction The boundary between two different types of semiconductive materials. 
Proton The basic particle of positive charge. 


Semiconductor A material that lies between conductors and insulators in its conductive proper- 
ties. Silicon, germanium, and carbon are examples. 


SELF-TEST 


Section 1-1 


Section 1-2 


SELF-TEST 


Shell An energy band in which electrons orbit the nucleus of an atom. 
Silicon A semiconductive material. 


Valence Related to the outer shell of an atom. 


1-1 N, = 2n? Maximum number of electrons in any shell 


Answers can be found at www.pearsonhighered.com/floyd. 


= 


. An atom is the smallest particle in an element. 

. An electron is a negatively charged particle. 

. An atom is made up of electrons, protons, and neutrons. 
. Electrons are part of the nucleus of an atom. 

. Valence electrons exist in the outer shell of an atom. 

. Crystals are formed by the bonding of atoms. 

. Silicon is a conductive material. 


. Silicon doped with p and n impurities has one pn junction. 
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. The p and n regions are formed by a process called ionization. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. Every known element has 
(a) the same type of atoms (b) the same number of atoms 
(c) aunique type of atom (d) several different types of atoms 
2. An atom consists of 
(a) one nucleus and only one electron (b) one nucleus and one or more electrons 
(c) protons, electrons, and neutrons (d) answers (b) and (c) 
3. The nucleus of an atom is made up of 
(a) protons and neutrons (b) electrons 
(c) electrons and protons (d) electrons and neutrons 
4. Valence electrons are 
(a) in the closest orbit to the nucleus (b) in the most distant orbit from the nucleus 
(c) in various orbits around the nucleus (d) not associated with a particular atom 
5. A positive ion is formed when 
(a) a valence electron breaks away from the atom 
(b) there are more holes than electrons in the outer orbit 
(c) two atoms bond together 
(d) an atom gains an extra valence electron 
6. The most widely used semiconductive material in electronic devices is 
(a) germanium (b) carbon (c) copper (d) silicon 
7. The difference between an insulator and a semiconductor is 
(a) a wider energy gap between the valence band and the conduction band 
(b) the number of free electrons 
(c) the atomic structure 
(d) answers (a), (b), and (c) 
8. The energy band in which free electrons exist is the 


(a) first band (b) second band (c) conduction band (d) valence band 
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Section 1-3 


Section 1—4 


Section 1-5 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


In a semiconductor crystal, the atoms are held together by 

(a) the interaction of valence electrons (b) forces of attraction 
(c) covalent bonds (d) answers (a), (b), and (c) 
The atomic number of silicon is 

(a) 8 (b) 2 (c) 4 (d) 14 

The atomic number of germanium is 

(a) 8 (b) 2 (c) 4 (d) 32 

The valence shell in a silicon atom has the number designation of 
(a) 0 (b) 1 (ce) 2 (d) 3 

Each atom in a silicon crystal has 

(a) four valence electrons 

(b) four conduction electrons 

(c) eight valence electrons, four of its own and four shared 

(d) no valence electrons because all are shared with other atoms 
Electron-hole pairs are produced by 

(a) recombination (b) thermal energy (c) ionization (d) doping 
Recombination is when 

(a) anelectron falls into a hole 

(b) a positive and a negative ion bond together 

(c) a valence electron becomes a conduction electron 

(d) acrystal is formed 


The current in a semiconductor is produced by 


(a) electrons only (b) holes only (c) negative ions (d) both electrons and holes 


In an intrinsic semiconductor, 

(a) there are no free electrons 

(b) the free electrons are thermally produced 

(c) there are only holes 

(d) there are as many electrons as there are holes 

(e) answers (b) and (d) 

The process of adding an impurity to an intrinsic semiconductor is called 

(a) doping (b) recombination (c) atomic modification (d) ionization 
A trivalent impurity is added to silicon to create 

(a) germanium (b) a p-type semiconductor 

(c) an n-type semiconductor (d) a depletion region 

The purpose of a pentavalent impurity is to 

(a) reduce the conductivity of silicon (b) increase the number of holes 
(c) increase the number of free electrons (d) create minority carriers 

The majority carriers in an n-type semiconductor are 

(a) holes (b) valence electrons (c) conduction electrons (d) protons 
Holes in an n-type semiconductor are 

(a) minority carriers that are thermally produced 

(b) minority carriers that are produced by doping 

(c) majority carriers that are thermally produced 

(d) majority carriers that are produced by doping 

A pn junction is formed by 

(a) the recombination of electrons and holes 


(b) ionization 


PROBLEMS 


(c) the boundary of a p-type and an n-type material 

(d) the collision of a proton and a neutron 
24. The depletion region is created by 

(a) ionization (b) diffusion (c) recombination (d) answers (a), (b), and (c) 
25. The depletion region consists of 

(a) nothing but minority carriers (b) positive and negative ions 


(c) no majority carriers (d) answers (b) and (c) 


Answers to all odd-numbered problems are at the end of the book. 
BASIC PROBLEMS 
Section 1-1 The Atom 


1. If the atomic number of a neutral atom is 6, how many electrons does the atom have? How 
many protons? 


2. What is the maximum number of electrons that can exist in the 3rd shell of an atom? 


Section 1-2 Materials Used in Electronics 


3. For each of the energy diagrams in Figure 1-21, determine the class of material based on 
relative comparisons. 


4. A certain atom has four valence electrons. What type of atom is it? 


5. In a silicon crystal, how many covalent bonds does a single atom form? 
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Section 1-3 Current in Semiconductors 
6. What happens when heat is added to silicon? 


7. Name the two energy bands at which current is produced in silicon. 


Section 1-4 N-Type and P-Type Semiconductors 
8. Describe the process of doping and explain how it alters the atomic structure of silicon. 


9. What is antimony? What is boron? 


Section 1—5 The PN Junction 
10. How is the electric field across the pn junction created? 


11. Because of its barrier potential, can a diode be used as a voltage source? Explain. 
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GreenTech Application 1: Solar Power 


Photovoltaic (PV) Cell Structure and Operation 


The key feature of a PV (solar) cell is the pn junction that was covered in Chapter 1. The 
photovoltaic effect is the basic physical process by which a solar cell converts sunlight 
into electricity. Sunlight contains photons or “packets” of energy sufficient to create 
electron-hole pairs in the n and p regions. Electrons accumulate in the n-region and 
holes accumulate in the p region, producing a potential difference (voltage) across the 
cell. When an external load is connected, the electrons flow through the semiconductor 
material and provide current to the external load. 


The Solar Cell Structure Although there are other types of solar cells and continuing 
research promises new developments in the future, the crystalline silicon solar cell is by far 
the most widely used. A silicon solar cell consists of a thin layer or wafer of silicon that 
has been doped to create a pn junction. The depth and distribution of impurity atoms can 
be controlled very precisely during the doping process. The most commonly used process 
for creating a silicon ingot, from which a silicon wafer is cut, is called the Czochralski 
method. In this process, a seed crystal of silicon is dipped into melted polycrystalline sili- 
con. As the seed crystal is withdrawn and rotated, a cylindrical ingot of silicon is formed. 


Thin circular shaped-wafers are sliced from an ingot of ultra-pure silicon and then are 
polished and trimmed to an octagonal, hexagonal, or rectangular shape for maximum 
coverage when fitted into an array. The silicon wafer is doped so that the n region is much 
thinner than the p region to permit light penetration, as shown in Figure GA1-1(a). 


A grid-work of very thin conductive contact strips are deposited on top of the wafer by 
methods such as photoresist or silk-screen, as shown in part (b). The contact grid must 
maximize the surface area of the silicon wafer that be exposed to the sunlight in order to 
collect as much light energy as possible. 
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Basic construction of a PV solar cell. 


The conductive grid across the top of the cell is necessary so that the electrons have a 
shorter distance to travel through the silicon when an external load is connected. The far- 
ther electrons travel through the silicon material, the greater the energy loss due to resist- 
ance. A solid contact covering all of the bottom of the wafer is then added, as indicated in 
the figure. Thickness of the solar cell compared to the surface area is greatly exaggerated 
for purposes of illustration. 


A FIGURE GA1-2 


A complete PV solar cell. 


» FIGURE GA1-3 


Basic operation of a solar cell with 
incident sunlight. 


» FIGURE GA1-4 


A solar cell producing voltage and 
current through a load under 
incident sunlight. 
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After the contacts are incorporated, an antireflective coating is placed on top the contact 
grid and n region, as shown in Figure GA1—1(c). This allows the solar cell to absorb as 
much of the sun’s energy as possible by reducing the amount of light energy reflected 
away from the surface of the cell. Finally, a glass or transparent plastic layer is attached to 
the top of the cell with transparent adhesive to protect it from the weather. Figure GA1—2 
shows a completed solar cell. 


Operation of a Solar Cell As indicated before, sunlight is composed of photons, or 
“packets” of energy. The sun produces an astounding amount of energy. The small 
fraction of the sun’s total energy that reaches the earth is enough to meet all of our power 
needs many times over. There is sufficient solar energy striking the earth each hour to 
meet worldwide demands for an entire year. 


The n-type layer is very thin compared to the p region to allow light penetration into the 
p region. The thickness of the entire cell is actually about the thickness of an eggshell. 
When a photon penetrates either the n region or the p-type region and strikes a silicon 
atom near the pn junction with sufficient energy to knock an electron out of the valence 
band, the electron becomes a free electron and leaves a hole in the valence band, creating 
an electron-hole pair. The amount of energy required to free an electron from the valence 
band of a silicon atom is called the band-gap energy and is 1.12 eV (electron volts). In the 
p region, the free electron is swept across the depletion region by the electric field into 
the n region. In the n region, the hole is swept across the depletion region by the electric 
field into the p region. Electrons accumulate in the n region, creating a negative charge; 
and holes accumulate in the p region, creating a positive charge. A voltage is developed 
between the n region and p region contacts, as shown in Figure GA1-3. 
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When a load is connected to a solar cell via the top and bottom contacts, the free electrons 
flow out of the n region to the grid contacts on the top surface, through the negative 
contact, through the load and back into the positive contact on the bottom surface, and 
into the p region where they can recombine with holes. The sunlight energy continues to 
create new electron-hole pairs and the process goes on, as illustrated in Figure GA1—4. 
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Solar Cell Characteristics 


Solar cells are typically 100 cm? to 225 cm? in size. The usable voltage from silicon solar 
cells is approximately 0.5 V to 0.6 V. Terminal voltage is only slightly dependent on the 
intensity of light radiation, but the current increases with light intensity. For example, a 
100 cm? silicon cell reaches a maximum current of approximately 2 A when radiated by 
1000 W/m* of light. 


Figure GA1—5 shows the V-/ characteristic curves for a typical solar cell for various light 
intensities. Higher light intensity produces more current. The operating point for maxi- 
mum power output for a given light intensity should be in the “knee” area of the curve, 
as indicated by the dashed line. The load on the solar cell controls this operating point 
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In a solar power system, the cell is generally loaded by a charge controller or an inverter. 
A special method called maximum power point tracking will sense the operating point 
and adjust the load resistance to keep it in the knee region. For example, assume the 
solar cell is operating on the highest intensity curve (blue) shown in Figure GA1—5. For 
maximum power (dashed line), the voltage is 0.5 V and the current is 1.5 A. For this 
condition, the load is 

VY 0O5V 


R, = — = —— = 0339 
Ey aa a 


Now, if the light intensity falls to where the cell is operating on the red curve, the current 
is less and the load resistance will have to change to maintain maximum power output as 
follows: 

Y_ OSV 


R, = — = —— = 0.6250 
i ORIN 


If the resistance did not change, the voltage output would drop to 
V = IR = (0.8 A)(0.33 W) = 0.264 V 


resulting in less than maximum power output for the red curve. Of course, the power 
will still be less on the red curve than on the blue curve because the current is less. 


The output voltage and current of a solar cell is also temperature dependent. Notice in 
Figure GA1-6 that for a constant light intensity the output voltage decreases as the 
temperature increases but the current is affected only by a small amount. 


®» FIGURE GA1-6 


Effect of temperature on output 
voltage and current for a fixed light 
intensity in a solar cell. 


» FIGURE GA1-7 


Solar cells connected together to 
create an array called a solar panel. 
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Solar Cell Panels 


Currently, the problem is in harnessing solar energy in sufficient amounts and at a reason- 
able cost to meet our requirements. It takes approximately a square meter solar panel to 
produce 100 W ina sunny climate. Some energy can be harvested even if cloud cover 
exists, but no energy can be obtained during the night. 


A single solar cell is impractical for most applications because it can produce only about 
0.5 V to 0.6 V. To produce higher voltages, multiple solar cells are connected in series as 
shown in Figure GA1—7(a). For example, the six series cells will ideally produce 6(0.5 V) 
= 3 V. Since they are connected in series, the six cells will produce the same current as a 
single cell. For increased current capacity, series cells are connected in parallel, as shown 
in part (b). Assuming a cell can produce 2 A, the series-parallel arrangement of twelve 
cells will produce 4 A at 3 V. Multiple cells connected to produce a specified power 
output are called solar panels or solar modules. 


(b) Series-parallel connection increases current 


Solar panels are generally available in 12 V, 24 V, 36 V, and 48 V versions. Higher output 
solar panels are also available for special applications. In actuality, a 12 V solar panel 

produces more than 12 V (15 V to 20 V) in order to charge a 12 V battery and compensate 
for voltage drops in the series connection and other losses. Ideally, a panel with 24 individual 
solar cells is required to produce an output of 12 V, assuming each cell produces 0.5 V. In 
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practice, more than thirty cells are typically used in a 12 V panel. Manufacturers usually 
specify the output of a solar panel in terms of power at a certain solar radiation called the 
peak sun irradiance which is 1000 W/m2. For example, a 12 V solar panel that has a 
rated voltage of 17 V and produces a current of 3.5 A to a load at peak sun condition has 
a specified output power of 


P= VI = (17 V)(3.5 A) = 59.5 W 


Many solar panels can be interconnected to form large arrays for high power outputs, as 
illustrated in Figure GA1-8. 
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A FIGURE GA1-8 


Large array of solar panels. 


The Solar Power System 


A basic solar power system that can supply power to ac loads generally consists of four 
components, as shown in the block diagram in Figure GA1-9. These components are the 
solar panel, the charge controller, the batteries, and the inverter. For supplying only dc 
loads, such as solar-powered instruments and dc lamps, the inverter is not needed. Some 
solar power systems do not include battery backup or the charge controller and are used 
to provide supplemental power only when the sun is shining. 


Efficiency is an important characteristic of a solar power system. Energy loss due to volt- 
age drops, the photovoltaic process, and other factors are inevitable, so minimizing losses 
is a critical consideration in solar power systems. 
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Basic solar power system with battery 
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Solar Panel The solar panel collects energy from the sun and converts it to electrical 
energy through the photovoltaic process. Of course, the solar panel will not produce the 
specified power output all of the time. For example, if there is 4 hours of peak sun during 
a given day, a 60 W panel will produce 4 X 60 W = 240 Wh of energy. For the hours that 
the sun is not peak, the output will depend on the percentage of peak sun and is less than 
the specified output. A system is typically designed taking into account the annual of av- 
erage peak sun per day for a given geographical area. 


Charge Controller A charge controller, also called a charge regulator, takes the output 
of the solar panel and ensures that the battery is charged efficiently and is not over- 
charged. Generally, the charge controller is rated based on the amount of current it can 
regulate. The operation of many solar charge controllers is based on the principle of 
pulse-width modulation. Also, some controllers include a charging method that maximizes 
charging, called maximum power point tracking. The charge controller and batteries in a 
solar power system will be examined in more detail in GreenTech Application 2. 


Battery Deep-cycle batteries, such as lead-acid, are used in solar power systems because 
they can be charged and discharged hundreds or thousands of times. Recall that batteries 
are rated in ampere-hours (Ah), which specifies the current that can be supplied for certain 
number of hours. For example, a 400 Ah battery can supply 400 A for one hour, 4 A for 
100 hours, or 10 A for 40 hours. Batteries can be connected in series to increase voltage 
or in parallel to increase amp-hrs. 


Inverter The inverter changes DC voltage stored in the battery to the standard 120/240 Vac 
used in most common applications such as lighting, appliances, and motors. Basically, in 
an inverter the dc from the battery is electronically switched on and off and filtered to 
produce a sinusoidal ac output. The ac output is then applied to a step-up transformer to 
get 120 Vac. The inverter in a solar system will be covered in more detail in GreenTech 
Application 3. 

QUESTIONS 


Some questions may require research beyond the content of this coverage. Answers can 
be found at www.pearsonhighered.com/floyd. 


1. What are the four elements of a solar power system? 

2. How must solar cells be connected to increase output voltage? 

3. What is the function of the charge controller? 

4. What is the function of the inverter? 

5. What range of solar panels in terms of output voltage and power are available? 
The following websites are recommended for viewing solar cells in action. Many other 


websites are also available. Note that websites can occasionally be removed and are not 
guaranteed to be available. 


http://www. youtube.com/watch?v=hdUdu5C8Tis&feature=related 
http://www. youtube.com/watch?v=Caf1J1z4X21 
http://www.youtube.com/watch?v=K76r4 | jaGJg&feature=related 
http://www.youtube.com/watch?v=2mCTS V 2f36A &feature=related 
http://www.youtube.com/watch?v=PbPcmo3x 1 Ugé&feature=related 
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Diode Operation 

Voltage-Current (V-I) Characteristics of a Diode 
Diode Models 

Half-Wave Rectifiers 

Full-Wave Rectifiers 

Power Supply Filters and Regulators 
Diode Limiters and Clampers 

Voltage Multipliers 

The Diode Datasheet 
Troubleshooting 

Application Activity 

GreenTech Application 2: Solar Power 


Use a diode in common applications 

Analyze the voltage-current (V-!) characteristic of a diode 
Explain how the three diode models differ 

Explain and analyze the operation of half-wave rectifiers 
Explain and analyze the operation of full-wave rectifiers 

Explain and analyze power supply filters and regulators 


Explain and analyze the operation of diode limiters and 
clampers 


Explain and analyze the operation of diode voltage 
multipliers 


Interpret and use diode datasheets 
Troubleshoot diodes and power supply circuits 


Diode  Half-wave rectifier 
Bias Peak inverse voltage (PIV) 
Forward bias ¢ Full-wave rectifier 
Reverse bias Ripple voltage 
V-I characteristic Line regulation 
DC power supply ¢@ Load regulation 
Rectifier ¢ Limiter 
Filter  Clamper 
¢ 


Regulator Troubleshooting 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


In Chapter 1, you learned that many semiconductor devices 
are based on the pn junction. In this chapter, the operation 
and characteristics of the diode are covered. Also, three 
diode models representing three levels of approximation are 
presented and testing is discussed. The importance of the 
diode in electronic circuits cannot be overemphasized. Its 
ability to conduct current in one direction while blocking 
current in the other direction is essential to the operation of 
many types of circuits. One circuit in particular is the ac 
rectifier, which is covered in this chapter. Other important 
applications are circuits such as diode limiters, diode 
clampers, and diode voltage multipliers. A datasheet is 
discussed for specific diodes. 


You have the responsibility for the final design and testing 
of a power supply circuit that your company plans to use in 
several of its products. You will apply your knowledge of 
diode circuits to the Application Activity at the end of the 
chapter. 


2-1 DIODE OPERATION 


Similar to the solar cell in Chapter 1, a diode is a two-terminal semiconductor device 
formed by two doped regions of silicon separated by a pn junction. In this chapter, the 
most common category of diode, known as the general-purpose diode, is covered. 
Other names, such as rectifier diode or signal diode, depend on the particular type of 
application for which the diode was designed. You will learn how to use a voltage to 
cause the diode to conduct current in one direction and block it in the other direction. 
This process is called biasing. 


After completing this section, you should be able to 
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Use a diode in common applications 

Recognize the electrical symbol for a diode and several diode package 

configurations 

4 Apply forward bias to a diode 
¢ Define forward bias and state the required conditions ¢ Discuss the effect 
of forward bias on the depletion region ¢ Define barrier potential and its 
effects during forward bias 

4 Reverse-bias a diode 

¢ Define reverse bias and state the required conditions ¢ Discuss reverse cur- 

rent and reverse breakdown 
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The Diode 


As mentioned, a diode is made from a small piece of semiconductor material, usually 
silicon, in which half is doped as a p region and half is doped as an n region with a pn 
junction and depletion region in between. The p region is called the anode and is connected 
to a conductive terminal. The 7 region is called the cathode and is connected to a second 
conductive terminal. The basic diode structure and schematic symbol are shown in 
Figure 2-1. 


Anode Cathode 
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(a) Basic structure (b) Symbol 


Typical Diode Packages Several common physical configurations of through-hole 
mounted diodes are illustrated in Figure 2—2(a). The anode (A) and cathode (K) are indi- 
cated on a diode in several ways, depending on the type of package. The cathode is usually 
marked by a band, a tab, or some other feature. On those packages where one lead is con- 
nected to the case, the case is the cathode. 


Surface-Mount Diode Packages Figure 2—2(b) shows typical diode packages for sur- 
face mounting on a printed circuit board. The SOD and SOT packages have gull-wing 
shaped leads. The SMA package has L-shaped leads that bend under the package. The 
SOD and SMA types have a band on one end to indicate the cathode. The SOT type is a 
three-terminal package in which there are either one or two diodes. In a single-diode SOT 
package, pin | is usually the anode and pin 3 is the cathode. In a dual-diode SOT package, 
pin 3 is the common terminal and can be either the anode or the cathode. Always check the 
datasheet for the particular diode to verify the pin configurations. 


DIODE OPERATION @ 31 


<4 FIGURE 2-1 
The diode. 


GREENTECH NOTE 


The diodes covered in this chapter 
are based on the pn junction just 
like the solar cell, also known as 
the photovoltaic cell or PV cell, 
that was introduced in Chapter 1. 
A solar cell is basically a diode 
with a different geometric 
construction than rectifier and 
signal diodes. The p and n regions 
in the solar cell are much thinner 
to allow light energy to activate 
the photovoltaic effect, and a solar 
cell’s exposed surface is transparent. 
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SOD-323 


SMA/DO-214AC 


A FIGURE 2-2 


Typical diode packages with terminal identification. The letter K is used for cathode to avoid confusion 
with certain electrical quantities that are represented by C. Case type numbers are indicated for each 
diode. 


Forward Bias 


To bias a diode, you apply a dc voltage across it. Forward bias is the condition that allows 
current through the pn junction. Figure 2—3 shows a dc voltage source connected by con- 
ductive material (contacts and wire) across a diode in the direction to produce forward 
bias. This external bias voltage is designated as Vyas. The resistor limits the forward cur- 
rent to a value that will not damage the diode. Notice that the negative side of Vpy,s is con- 
nected to the n region of the diode and the positive side is connected to the p region. This 
is one requirement for forward bias. A second requirement is that the bias voltage, Vyas, 
must be greater than the barrier potential. 


> FIGURE 2-3 p region n region 


A diode connected for forward bias. a | 


A fundamental picture of what happens when a diode is forward-biased is shown in 
Figure 2—4. Because like charges repel, the negative side of the bias-voltage source 
“pushes” the free electrons, which are the majority carriers in the n region, toward the pn 
junction. This flow of free electrons is called electron current. The negative side of the 
source also provides a continuous flow of electrons through the external connection (con- 
ductor) and into the n region as shown. 

The bias-voltage source imparts sufficient energy to the free electrons for them to over- 
come the barrier potential of the depletion region and move on through into the p region. 
Once in the p region, these conduction electrons have lost enough energy to immediately 
combine with holes in the valence band. 
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Now, the electrons are in the valence band in the p region, simply because they have 
lost too much energy overcoming the barrier potential to remain in the conduction 
band. Since unlike charges attract, the positive side of the bias-voltage source attracts 
the valence electrons toward the left end of the p region. The holes in the p region 
provide the medium or “pathway” for these valence electrons to move through the p re- 
gion. The valence electrons move from one hole to the next toward the left. The holes, 
which are the majority carriers in the p region, effectively (not actually) move to the 
right toward the junction, as you can see in Figure 2—4. This effective flow of holes is 
the hole current. You can also view the hole current as being created by the flow of 
valence electrons through the p region, with the holes providing the only means for 
these electrons to flow. 

As the electrons flow out of the p region through the external connection (conductor) 
and to the positive side of the bias-voltage source, they leave holes behind in the p region; 
at the same time, these electrons become conduction electrons in the metal conductor. 
Recall that the conduction band in a conductor overlaps the valence band so that it takes 
much less energy for an electron to be a free electron in a conductor than in a semiconduc- 
tor and that metallic conductors do not have holes in their structure. There is a continuous 
availability of holes effectively moving toward the pn junction to combine with the contin- 
uous stream of electrons as they come across the junction into the p region. 


The Effect of Forward Bias on the Depletion Region As more electrons flow into the 
depletion region, the number of positive ions is reduced. As more holes effectively flow 
into the depletion region on the other side of the pn junction, the number of negative ions 
is reduced. This reduction in positive and negative ions during forward bias causes the de- 
pletion region to narrow, as indicated in Figure 2-5. 


See eel, 
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<@ FIGURE 2-4 


A forward-biased diode showing the 
flow of majority carriers and the 
voltage due to the barrier potential 
across the depletion region. 


Depletion region Depletion region 


(a) At equilibrium (no bias) (b) Forward bias narrows the depletion region and produces a voltage 
drop across the pn junction equal to the barrier potential. 


A FIGURE 2-5 


The depletion region narrows and a voltage drop is produced across the pn junction when the diode 
is forward-biased. 
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» FIGURE 2-7 


The diode during the short transition 
time immediately after reverse-bias 
voltage is applied. 


The Effect of the Barrier Potential During Forward Bias Recall that the electric field 
between the positive and negative ions in the depletion region on either side of the junction 
creates an “energy hill” that prevents free electrons from diffusing across the junction at 
equilibrium. This is known as the barrier potential. 

When forward bias is applied, the free electrons are provided with enough energy 
from the bias-voltage source to overcome the barrier potential and effectively “climb 
the energy hill” and cross the depletion region. The energy that the electrons require in 
order to pass through the depletion region is equal to the barrier potential. In other 
words, the electrons give up an amount of energy equivalent to the barrier potential 
when they cross the depletion region. This energy loss results in a voltage drop across 
the pn junction equal to the barrier potential (0.7 V), as indicated in Figure 2—5(b). An 
additional small voltage drop occurs across the p and n regions due to the internal re- 
sistance of the material. For doped semiconductive material, this resistance, called the 
dynamic resistance, is very small and can usually be neglected. This is discussed in 
more detail in Section 2-2. 


Reverse Bias 


Reverse bias is the condition that essentially prevents current through the diode. Figure 2-6 
shows a dc voltage source connected across a diode in the direction to produce reverse 
bias. This external bias voltage is designated as Vpyag just as it was for forward bias. 
Notice that the positive side of Vgras is connected to the n region of the diode and the neg- 
ative side is connected to the p region. Also note that the depletion region is shown much 
wider than in forward bias or equilibrium. 


» FIGURE 2-6 Pe region n On 

A diode connected for reverse bias. 

A limiting resistor is shown although _ 
it is not important in reverse bias 

because there is essentially no current. 
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An illustration of what happens when a diode is reverse-biased is shown in Figure 2-7. 
Because unlike charges attract, the positive side of the bias-voltage source “pulls” the 
free electrons, which are the majority carriers in the n region, away from the pn junction. 
As the electrons flow toward the positive side of the voltage source, additional positive 
ions are created. This results in a widening of the depletion region and a depletion of 
majority carriers. 


p region Depletion region n region 


In the p region, electrons from the negative side of the voltage source enter as valence 
electrons and move from hole to hole toward the depletion region where they create addi- 
tional negative ions. This results in a widening of the depletion region and a depletion of 
majority carriers. The flow of valence electrons can be viewed as holes being “pulled” to- 
ward the positive side. 

The initial flow of charge carriers is transitional and lasts for only a very short time 
after the reverse-bias voltage is applied. As the depletion region widens, the availability 
of majority carriers decreases. As more of the n and p regions become depleted of majority 
carriers, the electric field between the positive and negative ions increases in strength 
until the potential across the depletion region equals the bias voltage, Vgyas. At this point, 
the transition current essentially ceases except for a very small reverse current that can 
usually be neglected. 


Reverse Current The extremely small current that exists in reverse bias after the tran- 
sition current dies out is caused by the minority carriers in the n and p regions that are 
produced by thermally generated electron-hole pairs. The small number of free minority 
electrons in the p region are “pushed” toward the pn junction by the negative bias voltage. 
When these electrons reach the wide depletion region, they “fall down the energy hill” 
and combine with the minority holes in the n region as valence electrons and flow toward 
the positive bias voltage, creating a small hole current. 

The conduction band in the p region is at a higher energy level than the conduction 
band in the n region. Therefore, the minority electrons easily pass through the depletion 
region because they require no additional energy. Reverse current is illustrated in 
Figure 2-8. 


p region Depletion region n region 


Reverse Breakdown Normally, the reverse current is so small that it can be neglected. 
However, if the external reverse-bias voltage is increased to a value called the breakdown 
voltage, the reverse current will drastically increase. 

This is what happens. The high reverse-bias voltage imparts energy to the free minority 
electrons so that as they speed through the p region, they collide with atoms with enough 
energy to knock valence electrons out of orbit and into the conduction band. The newly 
created conduction electrons are also high in energy and repeat the process. If one electron 
knocks only two others out of their valence orbit during its travel through the p region, the 
numbers quickly multiply. As these high-energy electrons go through the depletion region, 
they have enough energy to go through the m region as conduction electrons, rather than 
combining with holes. 

The multiplication of conduction electrons just discussed is known as the avalanche ef- 
fect, and reverse current can increase dramatically if steps are not taken to limit the cur- 
rent. When the reverse current is not limited, the resulting heating will permanently dam- 
age the diode. Most diodes are not operated in reverse breakdown, but if the current is 
limited (by adding a series-limiting resistor for example), there is no permanent damage to 
the diode. 
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The extremely small reverse current 
in a reverse-biased diode is due to 
the minority carriers from thermally 
generated electron-hole pairs. 
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breakdown occur in a diode? 
fect as applied to diodes. 


2—2 VOLTAGE-CURRENT CHARACTERISTIC OF A DIODE 


As you have learned, forward bias produces current through a diode and reverse bias es- 
sentially prevents current, except for a negligible reverse current. Reverse bias prevents 
current as long as the reverse-bias voltage does not equal or exceed the breakdown volt- 
age of the junction. In this section, we will examine the relationship between the voltage 
and the current in a diode on a graphical basis. 


After completing this section, you should be able to 


a Analyze the voltage-current (V-1) characteristic of a diode 

Explain the V-J characteristic for forward bias 

¢ Graph the V-7 curve for forward bias ¢ Describe how the barrier potential 
affects the V-I' curve ¢ Define dynamic resistance 

Explain the V-J characteristic for reverse bias 

¢ Graph the V-/ curve for reverse bias 

Discuss the complete V-/ characteristic curve 

¢ Describe the effects of temperature on the diode characteristic 
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V-I Characteristic for Forward Bias 


When a forward-bias voltage is applied across a diode, there is current. This current is 
called the forward current and is designated Jp. Figure 2—9 illustrates what happens as the 
forward-bias voltage is increased positively from 0 V. The resistor is used to limit the for- 
ward current to a value that will not overheat the diode and cause damage. 

With 0 V across the diode, there is no forward current. As you gradually increase the 
forward-bias voltage, the forward current and the voltage across the diode gradually in- 
crease, as shown in Figure 2—9(a). A portion of the forward-bias voltage is dropped across 
the limiting resistor. When the forward-bias voltage is increased to a value where the volt- 
age across the diode reaches approximately 0.7 V (barrier potential), the forward current 
begins to increase rapidly, as illustrated in Figure 2—9(b). 

As you continue to increase the forward-bias voltage, the current continues to increase 
very rapidly, but the voltage across the diode increases only gradually above 0.7 V. This 
small increase in the diode voltage above the barrier potential is due to the voltage drop 
across the internal dynamic resistance of the semiconductive material. 


Graphing the V-I Curve If you plot the results of the type of measurements shown in 
Figure 2-9 on a graph, you get the V-I characteristic curve for a forward-biased diode, as 
shown in Figure 2—10(a). The diode forward voltage (Vp) increases to the right along the 
horizontal axis, and the forward current (Jp) increases upward along the vertical axis. 
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(a) Small forward-bias voltage (Vz < 0.7 V), very small (b) Forward voltage reaches and remains nearly constant at 
forward current. approximately 0.7 V. Forward current continues to 


increase as the bias voltage is increased. 


A FIGURE 2-9 


Forward-bias measurements show general changes in V; and I as Vpjas is increased. 
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(a) V-I characteristic curve for forward bias. (b) Expanded view of a portion of the curve in part (a). 


The dynamic resistance r’, decreases as you move 
up the curve, as indicated by the decrease in the 
value of AV,/Alg. 


As you can see in Figure 2—10(a), the forward current increases very little until the for- 
ward voltage across the pn junction reaches approximately 0.7 V at the knee of the curve. 
After this point, the forward voltage remains nearly constant at approximately 0.7 V, but Jp 
increases rapidly. As previously mentioned, there is a slight increase in Vp above 0.7 V as 
the current increases due mainly to the voltage drop across the dynamic resistance. The [p 
scale is typically in mA, as indicated. 

Three points A, B, and C are shown on the curve in Figure 2—10(a). Point A corresponds 
to a zero-bias condition. Point B corresponds to Figure 2—10(a) where the forward voltage 
is less than the barrier potential of 0.7 V. Point C corresponds to Figure 2—10(a) where the 
forward voltage approximately equals the barrier potential. As the external bias voltage 
and forward current continue to increase above the knee, the forward voltage will increase 
slightly above 0.7 V. In reality, the forward voltage can be as much as approximately | V, 
depending on the forward current. 


<¢ FIGURE 2-10 


Relationship of voltage and current 
in a forward-biased diode. 
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A FIGURE 2-11 


V-I characteristic curve for a reverse- 
biased diode. 


Dynamic Resistance Figure 2-10(b) is an expanded view of the V-/ characteristic curve 
in part (a) and illustrates dynamic resistance. Unlike a linear resistance, the resistance of 
the forward-biased diode is not constant over the entire curve. Because the resistance 
changes as you move along the V-/ curve, it is called dynamic or ac resistance. Internal re- 
sistances of electronic devices are usually designated by lowercase italic r with a prime, in- 
stead of the standard R. The dynamic resistance of a diode is designated ry. 

Below the knee of the curve the resistance is greatest because the current increases very 
little for a given change in voltage (r/) = AV;/AJp). The resistance begins to decrease in 
the region of the knee of the curve and becomes smallest above the knee where there is a 
large change in current for a given change in voltage. 


V-I Characteristic for Reverse Bias 


When a reverse-bias voltage is applied across a diode, there is only an extremely small re- 
verse current (Jp) through the pn junction. With 0 V across the diode, there is no reverse 
current. As you gradually increase the reverse-bias voltage, there is a very small reverse 
current and the voltage across the diode increases. When the applied bias voltage is in- 
creased to a value where the reverse voltage across the diode (Vp) reaches the breakdown 
value (Vg), the reverse current begins to increase rapidly. 

As you continue to increase the bias voltage, the current continues to increase very rap- 
idly, but the voltage across the diode increases very little above Vgr. Breakdown, with ex- 
ceptions, is not a normal mode of operation for most pn junction devices. 


Graphing the V-I Curve _ If you plot the results of reverse-bias measurements on a graph, 
you get the V-7 characteristic curve for a reverse-biased diode. A typical curve is shown in 
Figure 2—11. The diode reverse voltage (Vp) increases to the left along the horizontal axis, 
and the reverse current (Jp) increases downward along the vertical axis. 

There is very little reverse current (usually wA or nA) until the reverse voltage across the 
diode reaches approximately the breakdown value (Vpp) at the knee of the curve. After this 
point, the reverse voltage remains at approximately Vgpr, but Jp increases very rapidly, result- 
ing in overheating and possible damage if current is not limited to a safe level. The breakdown 
voltage for a diode depends on the doping level, which the manufacturer sets, depending on 
the type of diode. A typical rectifier diode (the most widely used type) has a breakdown volt- 
age of greater than 50 V. Some specialized diodes have a breakdown voltage that is only 5 V. 


The Complete V-! Characteristic Curve 


Combine the curves for both forward bias and reverse bias, and you have the complete V-/ 
characteristic curve for a diode, as shown in Figure 2-12. 


> FIGURE 2-12 Tp 
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Temperature Effects For a forward-biased diode, as temperature is increased, the for- 
ward current increases for a given value of forward voltage. Also, for a given value of for- 
ward current, the forward voltage decreases. This is shown with the V-J characteristic 
curves in Figure 2-13. The blue curve is at room temperature (25°C) and the red curve is 
at an elevated temperature (25°C + AT). The barrier potential decreases by 2 mV for each 
degree increase in temperature. 


Tp <4 FIGURE 2-13 
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For a reverse-biased diode, as temperature is increased, the reverse current increases. 
The difference in the two curves is exaggerated on the graph in Figure 2—13 for illustration. 
Keep in mind that the reverse current below breakdown remains extremely small and can 
usually be neglected. 


2-3 DiobpE MODELS 


You have learned that a diode is a pn junction device. In this section, you will learn the 
electrical symbol for a diode and how a diode can be modeled for circuit analysis 
using any one of three levels of complexity. Also, diode packaging and terminal identi- 
fication are introduced. 


After completing this section, you should be able to 


Explain how the three diode models differ 
Discuss bias connections 
4 Describe the diode approximations 
¢ Describe the ideal diode model ¢ Describe the practical diode model 
« Describe the complete diode model 
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DIODES AND APPLICATIONS 


Bias Connections 


Forward-Bias_ Recall that a diode is forward-biased when a voltage source is connected as 
shown in Figure 2—14(a). The positive terminal of the source is connected to the anode 
through a current-limiting resistor. The negative terminal of the source is connected to the 
cathode. The forward current (/f) is from cathode to anode as indicated. The forward voltage 
drop (Vz) due to the barrier potential is from positive at the anode to negative at the cathode. 


» FIGURE 2-14 Vp Cae 
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(a) Forward bias (b) Reverse bias 


Reverse-Bias Connection A diode is reverse-biased when a voltage source is connected 
as shown in Figure 2—14(b). The negative terminal of the source is connected to the anode 
side of the circuit, and the positive terminal is connected to the cathode side. A resistor is 
not necessary in reverse bias but it is shown for circuit consistency. The reverse current is 
extremely small and can be considered to be zero. Notice that the entire bias voltage 
(Vpras) appears across the diode. 


Diode Approximations 


The Ideal Diode Model The ideal model of a diode is the least accurate approximation 
and can be represented by a simple switch. When the diode is forward-biased, it ideally acts 
like a closed (on) switch, as shown in Figure 2—15(a). When the diode is reverse-biased, it 
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(b) Reverse bias 


A FIGURE 2-15 


The ideal model of a diode. 


ideally acts like an open (off) switch, as shown in part (b). Although the barrier potential, the 
forward dynamic resistance, and the reverse current are all neglected, this model is adequate 
for most troubleshooting when you are trying to determine if the diode is working properly. 

In Figure 2—15(c), the ideal V-J characteristic curve graphically depicts the ideal diode 
operation. Since the barrier potential and the forward dynamic resistance are neglected, the 
diode is assumed to have a zero voltage across it when forward-biased, as indicated by the 
portion of the curve on the positive vertical axis. 


Ve =O0V 
The forward current is determined by the bias voltage and the limiting resistor using 


Ohm’s law. 


Vpias 

Ip = —— 
Rumir 

Since the reverse current is neglected, its value is assumed to be zero, as indicated in 


Figure 2—15(c) by the portion of the curve on the negative horizontal axis. 
IR =O0OA 
The reverse voltage equals the bias voltage. 


Va = Vpras 


You may want to use the ideal model when you are troubleshooting or trying to figure out 
the operation of a circuit and are not concerned with more exact values of voltage or current. 


The Practical Diode Model The practical model includes the barrier potential. When the 
diode is forward-biased, it is equivalent to a closed switch in series with a small equivalent 
voltage source (Vp) equal to the barrier potential (0.7 V) with the positive side toward the 
anode, as indicated in Figure 2—16(a). This equivalent voltage source represents the barrier po- 
tential that must be exceeded by the bias voltage before the diode will conduct and is not an 
active source of voltage. When conducting, a voltage drop of 0.7 V appears across the diode. 


Practical diode model Practical diode model 
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(a) Forward bias (b) Reverse bias 


A FIGURE 2-16 


The practical model of a diode. 


When the diode is reverse-biased, it is equivalent to an open switch just as in the ideal 
model, as shown in Figure 2—16(b). The barrier potential does not affect reverse bias, so it 
is not a factor. 

The characteristic curve for the practical diode model is shown in Figure 2—16(c). Since 
the barrier potential is included and the dynamic resistance is neglected, the diode is as- 
sumed to have a voltage across it when forward-biased, as indicated by the portion of the 
curve to the right of the origin. 


Ve = 0.7V 


DiopE MoDELs 


Equation 2-1 


TR 


0.7 V 


(c) Characteristic curve (silicon) 
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Equation 2-2 


The forward current is determined as follows by first applying Kirchhoff’s voltage law to 
Figure 2—16(a): 
Vaias ~ Ve ~ Vayir = 
VRuner — FRUIT 


Substituting and solving for Jp, 


k= Veras — Vr 
ee 
Rumir 


The diode is assumed to have zero reverse current, as indicated by the portion of the curve 
on the negative horizontal axis. 


OA 


VBIAS 


hR= 
Ve = 


The practical model is useful when you are troubleshooting in lower-voltage cir- 
cuits. In these cases, the 0.7 V drop across the diode may be significant and should be 
taken into account. The practical model is also useful when you are designing basic 
diode circuits. 


The Complete Diode Model The complete model of a diode is the most accurate 
approximation and includes the barrier potential, the small forward dynamic resistance 
(rj), and the large internal reverse resistance (rp). The reverse resistance is taken into 
account because it provides a path for the reverse current, which is included in this 
diode model. 

When the diode is forward-biased, it acts as a closed switch in series with the equivalent 
barrier potential voltage (Vg) and the small forward dynamic resistance (r/)), as indicated 
in Figure 2—17(a). When the diode is reverse-biased, it acts as an open switch in parallel 
with the large internal reverse resistance (rp), as shown in Figure 2—17(b). The barrier 
potential does not affect reverse bias, so it is not a factor. 
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(a) Forward bias 
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(b) Reverse bias (c) V-I characteristic curve 


A FIGURE 2-17 


The complete model of a diode. 


The characteristic curve for the complete diode model is shown in Figure 2—17(c). 
Since the barrier potential and the forward dynamic resistance are included, the diode is as- 
sumed to have a voltage across it when forward-biased. This voltage (Vp) consists of the 
barrier potential voltage plus the small voltage drop across the dynamic resistance, as indi- 
cated by the portion of the curve to the right of the origin. The curve slopes because the 


voltage drop due to dynamic resistance increases as the current increases. For the complete 
model of a silicon diode, the following formulas apply: 


Ve = 0.7V + ir, 
Varas — 0.7 V 


ae +7! 
LIMIT Vd 


The reverse current is taken into account with the parallel resistance and is indicated by 
the portion of the curve to the left of the origin. The breakdown portion of the curve is not 
shown because breakdown is not a normal mode of operation for most diodes. 

For troubleshooting work, it is unnecessary to use the complete model, as it involves 
complicated calculations. This model is generally suited to design problems using a com- 
puter for simulation. The ideal and practical models are used for circuits in this text, except 
in the following example, which illustrates the differences in the three models. 
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EXAMPLE 2-1 (a) Determine the forward voltage and forward current for the diode in Figure 2—18(a) 
for each of the diode models. Also find the voltage across the limiting resistor in 
each case. Assume r', = 10 ©, at the determined value of forward current. 


(b) Determine the reverse voltage and reverse current for the diode in Figure 2—18(b) 
for each of the diode models. Also find the voltage across the limiting resistor in 


each case. Assume Jp = 1 pA. 


Rumir Ruir 
1.0k0, 
al 
Vaias === 10V 
(a) 
A FIGURE 2-18 
Solution (a) Ideal model: 
Vr =0V 
V 10 V 
I Biss 10mA 


oe) 10kO 


Vruer = JpRumrr = (LOmA) (1.0kQ) = 10V 


Practical model: 


Ve = 0.7V 
V, Vi OW = OW 
_- See = 93mA 
Wider = TeR Umar > (9.3 mA) (1.0 kQ) = 9.3V 
Complete model: 
V, = OL. LOW = Oh WY OW 
Ip = Eine = 9.21mA 


Raa, » LOkKO +100 10100 


Ve = 0.7V + Igri) = 0.7V + (9.21 mA) (10.0) = 792mV 


Vio = 2eRumir = (9.21 mA) (1.0kQ) = 9.21 V 
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(b) Ideal model: 


R=0A 
Ve = Vatas = 10 V 
nee = OV 
Practical model: 
R=0A 
Vea = Vatas = 10 V 
Vas = OW 


Complete model: 
Tp = 1pA 
Vana = JRRumir = (1 wA) (1.0kQO) = mv 
eee aie ein, 7 LOY — lmv = 9.999V 


Related Problem’ Assume that the diode in Figure 2—18(a) fails open. What is the voltage across the 
diode and the voltage across the limiting resistor? 


“Answers can be found at www.pearsonhighered.com/floyd. 


Open the Multisim file EO2-01 in the Examples folder on the companion website. 
Measure the voltages across the diode and the resistor in both circuits and compare 
with the calculated results in this example. 


two conditions under which a diode is operated? 
condition is a diode never intentionally operated? 
implest way to visualize a diode? 

ately represent a diode, what factors must be included? 
nodel represents the most accurate approximation? 


2—4  HALF-WAVE RECTIFIERS 


Because of their ability to conduct current in one direction and block current in the other 
direction, diodes are used in circuits called rectifiers that convert ac voltage into dc voltage. 
Rectifiers are found in all de power supplies that operate from an ac voltage source. A power 
supply is an essential part of each electronic system from the simplest to the most complex. 


After completing this section, you should be able to 


Explain and analyze the operation of half-wave rectifiers 
Describe a basic de power supply 

Discuss half-wave rectification 

¢ Determine the average value of a half-wave voltage 

Explain how the barrier potential affects a half-wave rectifier output 
¢ Calculate the output voltage 

Define peak inverse voltage 

Explain the operation of a transformer-coupled rectifier 


o Ee cl 


o 
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The Basic DC Power Supply 


All active electronic devices require a source of constant dc that can be supplied by a 
battery or a dc power supply. The de power supply converts the standard 120 V, 
60 Hz ac voltage available at wall outlets into a constant dc voltage. The dc power sup- 
ply is one of the most common circuits you will find, so it is important to understand 
how it works. The voltage produced is used to power all types of electronic circuits 
including consumer electronics (televisions, DVDs, etc.), computers, industrial con- 
trollers, and most laboratory instrumentation systems and equipment. The dc voltage 
level required depends on the application, but most applications require relatively low 
voltages. 

A basic block diagram of the complete power supply is shown in Figure 2—19(a). 
Generally the ac input line voltage is stepped down to a lower ac voltage with a trans- 
former (although it may be stepped up when higher voltages are needed or there may be 
no transformer at all in rare instances). As you learned in your dc/ac course, a 
transformer changes ac voltages based on the turns ratio between the primary and sec- 
ondary. If the secondary has more turns than the primary, the output voltage across the 
secondary will be higher and the current will be smaller. If the secondary has fewer turns 
than the primary, the output voltage across the secondary will be lower and the current 
will be higher. The rectifier can be either a half-wave rectifier or a full-wave rectifier 
(covered in Section 2-5). The rectifier converts the ac input voltage to a pulsating dc 
voltage, called a half-wave rectified voltage, as shown in Figure 2—19(b). The filter elim- 
inates the fluctuations in the rectified voltage and produces a relatively smooth dc volt- 
age. The power supply filter is covered in Section 2-6. The regulator is a circuit that 
maintains a constant dc voltage for variations in the input line voltage or in the load. 
Regulators vary from a single semiconductor device to more complex integrated circuits. 
The load is a circuit or device connected to the output of the power supply and operates 
from the power supply voltage and current. 
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rectified voltage Filtered voltage 
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(a) Complete power supply with transformer, rectifier, filter, and regulator 


120 V, 60 Hz 
Half-wave rectified voltage 


(b) Half-wave rectifier 


A FIGURE 2-19 


Block diagram of a dc power supply with a load and a rectifier. 
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GREENTECH NOTE 


The Energy Star program was 
originally established by the EPA as 
a voluntary labeling program 
designed to indicate energy-efficient 
products. In order for power 
supplies to comply with the Energy 
Star requirements, they must have a 
minimum 80% efficiency rating for 
all rated power output. Try to 
choose a power supply that carries 
as 80 PLUS logo on it. This means 
that the power supply efficiency has 
been tested and approved to meet 
the Energy Star guidelines. Not all 
power supplies that claim to be high 
efficiency meet the Energy Star 
requirements. 


Equation 2-3 


Half-Wave Rectifier Operation 


Figure 2—20 illustrates the process called half-wave rectification. A diode is connected to 
an ac source and to a load resistor, R,, forming a half-wave rectifier. Keep in mind that 
all ground symbols represent the same point electrically. Let’s examine what happens dur- 
ing one cycle of the input voltage using the ideal model for the diode. When the sinusoidal 
input voltage (V;,,) goes positive, the diode is forward-biased and conducts current through 
the load resistor, as shown in part (a). The current produces an output voltage across the 
load R,., which has the same shape as the positive half-cycle of the input voltage. 


(a) During the positive alternation of the 60 Hz input voltage, the output voltage looks like the positive 
half of the input voltage. The current path is through ground back to the source. 


(b) During the negative alternation of the input voltage, the current is 0, so the output voltage is also 0. 


(c) 60 Hz half-wave output voltage for three input cycles 


A FIGURE 2-20 


Half-wave rectifier operation. The diode is considered to be ideal. 


When the input voltage goes negative during the second half of its cycle, the diode is 
reverse-biased. There is no current, so the voltage across the load resistor is 0 V, as shown 
in Figure 2—20(b). The net result is that only the positive half-cycles of the ac input voltage 
appear across the load. Since the output does not change polarity, it is a pulsating de volt- 
age with a frequency of 60 Hz, as shown in part (c). 


Average Value of the Half-Wave Output Voltage The average value of the half-wave 
rectified output voltage is the value you would measure on a de voltmeter. Mathematically, it is 
determined by finding the area under the curve over a full cycle, as illustrated in Figure 2—21, 
and then dividing by 277, the number of radians in a full cycle. The result of this is expressed 
in Equation 2-3, where V, is the peak value of the voltage. This equation shows that Vayg is 
approximately 31.8% of V,, for a half-wave rectified voltage. The derivation for this equation 
can be found in “Derivations of Selected Equations” at www.pearsonhighered.com/floyd. 


V 
p 
Vave = = 
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<@ FIGURE 2-21 


Average value of the half-wave 
rectified signal. 


EXAMPLE 2-2 What is the average value of the half-wave rectified voltage in Figure 2—22? 


» FIGURE 2-22 


Vr 50V 
Solution Vave = = = —— = 159V 


Notice that Vayg is 31.8% of V,, 


Related Problem Determine the average value of the half-wave voltage if its peak amplitude is 12 V. 


Effect of the Barrier Potential on the Half-Wave Rectifier Output 


In the previous discussion, the diode was considered ideal. When the practical diode model 
is used with the barrier potential of 0.7 V taken into account, this is what happens. During 
the positive half-cycle, the input voltage must overcome the barrier potential before the 
diode becomes forward-biased. This results in a half-wave output with a peak value that is 
0.7 V less than the peak value of the input, as shown in Figure 2—23. The expression for the 
peak output voltage is 


Ve(out) = Vpn) — 0.7V Equation 2—4 


V, 


p(in) Vi (out) = Yoni -0.7V 


A FIGURE 2-23 


The effect of the barrier potential on the half-wave rectified output voltage is to reduce the peak value 
of the input by about 0.7 V. 


It is usually acceptable to use the ideal diode model, which neglects the effect of 
the barrier potential, when the peak value of the applied voltage is much greater than the 
barrier potential (at least 10 V, as a rule of thumb). However, we will use the practical 
model of a diode, taking the 0.7 V barrier potential into account unless stated otherwise. 


48 


@ DIODES AND APPLICATIONS 


EXAMPLE 2-3 Draw the output voltages of each rectifier for the indicated input voltages, as shown in 
Figure 2-24. The 1N4001 and 1N4003 are specific rectifier diodes. 


5 >| Vout 


1N4001 


(a) (b) 


A FIGURE 2-24 


Solution The peak output voltage for circuit (a) is 


V, 0.7V =5V —0.7V = 4.30V 


pout) = V; 


p(in) 


The peak output voltage for circuit (b) is 


V, 


‘stout) = Vptiny — 0.7V = 100V — 0.7V = 99.3V 


The output voltage waveforms are shown in Figure 2—25. Note that the barrier po- 
tential could have been neglected in circuit (b) with very little error (0.7 percent); but, 
if it is neglected in circuit (a), a significant error results (14 percent). 


A FIGURE 2-25 


Output voltages for the circuits in Figure 2-24. They are not shown on the same scale. 


Related Problem Determine the peak output voltages for the rectifiers in Figure 2—24 if the peak input 
in part (a) is 3 V and the peak input in part (b) is 50 V. 


Open the Multisim file EO2-03 in the Examples folder on the companion website. 
For the inputs specified in the example, measure the resulting output voltage wave- 
forms. Compare your measured results with those shown in the example. 


Peak Inverse Voltage (PIV) 


The peak inverse voltage (PIV) equals the peak value of the input voltage, and the diode 
must be capable of withstanding this amount of repetitive reverse voltage. For the diode in 
Figure 2—26, the maximum value of reverse voltage, designated as PIV, occurs at the peak 
of each negative alternation of the input voltage when the diode is reverse-biased. A diode 


should be rated at least 20% higher than the PIV. 


Equation 2-5 PIV = Vyiin) 


PIV at t, 


=V5 in) 


A FIGURE 2-26 


The PIV occurs at the peak of each half-cycle of the input voltage when the diode is reverse-biased. In 
this circuit, the PIV occurs at the peak of each negative half-cycle. 


Transformer Coupling 


As you have seen, a transformer is often used to couple the ac input voltage from the 
source to the rectifier, as shown in Figure 2-27. Transformer coupling provides two advan- 
tages. First, it allows the source voltage to be stepped down as needed. Second, the ac source 
is electrically isolated from the rectifier, thus preventing a shock hazard in the secondary 
circuit. 
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The amount that the voltage is stepped down is determined by the turns ratio of the 
transformer. Unfortunately, the definition of turns ratio for transformers is not consistent 
between various sources and disciplines. In this text, we use the definition given by the 
IEEE for electronic power transformers, which is “the number of turns in the secondary 
(Nsec) divided by the number of turns in the primary (N,,;).” Thus, a transformer with a 
turns ratio less than | is a step-down type and one with a turns ratio greater than | is a step- 
up type. To show the turns ratio on a schematic, it is common practice to show the numer- 
ical ratio directly above the windings. 

The secondary voltage of a transformer equals the turns ratio, n, times the primary 
voltage. 


Vsec a DV pri 


Ifn > 1, the secondary voltage is greater than the primary voltage. If n < 1, the second- 
ary voltage is less than the primary voltage. Ifn = 1, then Vie. = Vpyi- 

The peak secondary voltage, V,,sec), in a transformer-coupled half-wave rectifier is the 
same as V,,jn) in Equation 2—4. Therefore, Equation 2—4 written in terms of V,,sec) is 


Vp(out) = Vo(sec) — 0.7 V 
and Equation 2—5 in terms of V/,sec) iS 


PIV = Vo(sec) 


Turns ratio is useful for understanding the voltage transfer from primary to secondary. 
However, transformer datasheets rarely show the turns ratio. A transformer is generally 
specified based on the secondary voltage rather than the turns ratio. 
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<@ FIGURE 2-27 


Half-wave rectifier with transformer- 
coupled input voltage. 


50 ¢ DIODEs AND APPLICATIONS 


EXAMPLE 2-4 Determine the peak value of the output voltage for Figure 2—28 if the turns ratio is 0.5. 


170 V 
1N4002 + 
an 0 i Vout 


Solution ie 


» FIGURE 2-28 


(pri) = Vpciny = 170V 


The peak secondary voltage is 


eV = 0.5(170V) = 85V 


The rectified peak output voltage is 


Vevout) = Vp(sec) — 0.7 V = 85V — 0.7V = 84.3V 


where V,,sec) 18 the input to the rectifier. 


Related Problem (a) Determine the peak value of the output voltage for Figure 2—28 if n = 2 and 
Vocin) = 312V. 
(b) What is the PIV across the diode? 


(c) Describe the output voltage if the diode is turned around. 


Open the Multisim file E02-04 in the Examples folder on the companion website. 
For the specified input, measure the peak output voltage. Compare your measured 
result with the calculated value. 


ne input cycle does the PIV occur? 

ifier, there is current through the load for approximately what per- 
cycle? 

fe of a half-wave rectified voltage with a peak value of 10 V? 

alue of the output voltage of a half-wave rectifier with a peak sine 


just a diode have to be used in a rectifier with a peak output voltage 


2—5  FULL-WAVE RECTIFIERS 


Although half-wave rectifiers have some applications, the full-wave rectifier is the most 
commonly used type in de power supplies. In this section, you will use what you learned 
about half-wave rectification and expand it to full-wave rectifiers. You will learn about 
two types of full-wave rectifiers: center-tapped and bridge. 
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A full-wave rectifier allows unidirectional (one-way) current through the load during 
the entire 360° of the input cycle, whereas a half-wave rectifier allows current through the 
load only during one-half of the cycle. The result of full-wave rectification is an output 
voltage with a frequency twice the input frequency and that pulsates every half-cycle of the 
input, as shown in Figure 2—29. 


7 avavay . 


A FIGURE 2-29 


Full-wave rectification. 


The number of positive alternations that make up the full-wave rectified voltage is twice 
that of the half-wave voltage for the same time interval. The average value, which is the 
value measured on a de voltmeter, for a full-wave rectified sinusoidal voltage is twice that 
of the half-wave, as shown in the following formula: 


2V, Equation 2-6 
Vave = —- 


Vave is approximately 63.7% of V, for a full-wave rectified voltage. 


the full-wave rectified voltage in Figure 2-30. 
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>» FIGURE 2-31 


A center-tapped full-wave rectifier. 


» FIGURE 2-32 


Basic operation of a center-tapped 
full-wave rectifier. Note that the cur- 
rent through the load resistor is in 
the same direction during the entire 
input cycle, so the output voltage 
always has the same polarity. 


Center-Tapped Full-Wave Rectifier Operation 


A center-tapped rectifier is a type of full-wave rectifier that uses two diodes connected to 
the secondary of a center-tapped transformer, as shown in Figure 2—31. The input voltage is 
coupled through the transformer to the center-tapped secondary. Half of the total secondary 
voltage appears between the center tap and each end of the secondary winding as shown. 


Vin 


For a positive half-cycle of the input voltage, the polarities of the secondary voltages are 
as shown in Figure 2—32(a). This condition forward-biases diode D, and reverse-biases 
diode D,. The current path is through D, and the load resistor R;, as indicated. For a nega- 
tive half-cycle of the input voltage, the voltage polarities on the secondary are as shown in 
Figure 2—32(b). This condition reverse-biases D, and forward-biases Dy. The current path 
is through D> and R;, as indicated. Because the output current during both the positive and 
negative portions of the input cycle is in the same direction through the load, the output 
voltage developed across the load resistor is a full-wave rectified dc voltage, as shown. 


out e 
0 


Do 


(a) During positive half-cycles, D, is forward-biased and D, is reverse-biased. 


(b) During negative half-cycles, D, is forward-biased and D, is reverse-biased. 


Effect of the Turns Ratio on the Output Voltage __If the transformer’s turns ratio is 1, 
the peak value of the rectified output voltage equals half the peak value of the primary 
input voltage less the barrier potential, as illustrated in Figure 2-33. Half of the primary 


% (pri) 


V, 


P(pri) 


Ry V asf V2 —_— 


Vii pri) 


voltage appears across each half of the secondary winding (V (sec) = Vp(priy). We will begin 
referring to the forward voltage due to the barrier potential as the diode drop. 

In order to obtain an output voltage with a peak equal to the input peak (less the diode 
drop), a step-up transformer with a turns ratio of m = 2 must be used, as shown in Figure 
2-34. In this case, the total secondary voltage (V,.,) is twice the primary voltage (2V,,,;), So 
the voltage across each half of the secondary is equal to V,,,;. 
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Dy 


Vicpriy— 0.7 V 


In any case, the output voltage of a center-tapped full-wave rectifier is always one-half 
of the total secondary voltage less the diode drop, no matter what the turns ratio. 


V; ec 


Vout = -— 0.7V 

Peak Inverse Voltage Each diode in the full-wave rectifier is alternately forward-biased 
and then reverse-biased. The maximum reverse voltage that each diode must withstand is the 
peak secondary voltage V,,se¢). This is shown in Figure 2-35 where Dy is assumed to be 
reverse-biased (red) and D, is assumed to be forward-biased (green) to illustrate the concept. 
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<q FIGURE 2-33 


Center-tapped full-wave rectifier with 
a transformer turns ratio of 1. Vpipriy 
is the peak value of the primary 
voltage. 


<@ FIGURE 2-34 


Center-tapped full-wave rectifier with 
a transformer turns ratio of 2. 


Equation 2—7 


<< FIGURE 2-35 


Diode reverse voltage (D2 shown 
reverse-biased and D, shown 
forward-biased). 
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When the total secondary voltage V,.,. has the polarity shown, the maximum anode volt- 
age of Dy is +V,,sec)/2 and the maximum anode voltage of Dz is —Vpysec)/2. Since Dj is 
assumed to be forward-biased, its cathode is at the same voltage as its anode minus the 
diode drop; this is also the voltage on the cathode of Dp. 

The peak inverse voltage across Dp is 


V, V, V, V, 

p(sec) p(sec) p(sec) p(sec) 

PIV = —-0.7V})—-{- = + = 0. 

( 3 ) ( 5 ) 5 5 0.7V 


=. Vi(sec) =O V 


Since Vp (our) = Vitedy 2 — 0.7 V, then by multiplying each term by 2 and transposing, 


V, (sec) = 2V (out) + 14V 


P 
Therefore, by substitution, the peak inverse voltage across either diode in a full-wave center- 
tapped rectifier is 
Equation 2-8 PIV = 2V, (our) + 0.7 V 


ms across each half of the secondary winding and across 
sine wave is applied to the primary winding in Figure 2-36. 


V rating must the diodes have? 


ss each half of the secondary with respect to ground. The 
a peak value of 25 V, less the 0.7 V drop across the diode. 
own in Figure 2-37. 


ve a minimum PIV rating of 


Related Problem What diode PIV rating is required to handle a peak input of 160 V in Figure 2-36? 
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Open the Multisim file E02-06 in the Examples folder on the companion website. For 
the specified input voltage, measure the voltage waveforms across each half of the sec- 
ondary and across the load resistor. Compare with the results shown in the example. 


Bridge Full-Wave Rectifier Operation 


The bridge rectifier uses four diodes connected as shown in Figure 2-38. When the input 
cycle is positive as in part (a), diodes D, and D, are forward-biased and conduct current in 
the direction shown. A voltage is developed across R; that looks like the positive half of 


the input cycle. During this time, diodes D3 and Dy, are reverse-biased. 


(a) During the positive half-cycle of the input, D, and D, are forward- biased and conduct current. 
D3 and D4, are reverse-biased. 


F 


i 6 


ely al 


(b) During the negative half-cycle of the input, D3 and D, are forward-biased and conduct current. 
D, and D, are reverse-biased. 


When the input cycle is negative as in Figure 2—38(b), diodes D3 and Dy, are forward- 
biased and conduct current in the same direction through R; as during the positive half-cycle. 
During the negative half-cycle, D; and D, are reverse-biased. A full-wave rectified output 
voltage appears across R;, as a result of this action. 


Bridge Output Voltage A bridge rectifier with a transformer-coupled input is shown in 
Figure 2—39(a). During the positive half-cycle of the total secondary voltage, diodes D; and Dy 
are forward-biased. Neglecting the diode drops, the secondary voltage appears across the load 
resistor. The same is true when D3 and D, are forward-biased during the negative half-cycle. 


Vo(out) = Vp(sec) 


As you can see in Figure 2—39(b), two diodes are always in series with the load resistor 
during both the positive and negative half-cycles. If these diode drops are taken into ac- 
count, the output voltage is 


Vp(out) = Vn(sec) —14V 


<4 FIGURE 2-38 


Operation of a bridge rectifier. 


Equation 2-9 
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Equation 2-10 
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V, 
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p(sec) 


(a) Ideal diodes 


V, 


p(out) = V eee) -14V 


L_| 


(b) Practical diodes (Diode drops included) 


A FIGURE 2-39 


Bridge operation during a positive half-cycle of the primary and secondary voltages. 


Peak Inverse Voltage Let’s assume that D, and D, are forward-biased and examine the 
reverse voltage across D3 and D4. Visualizing D, and D> as shorts (ideal model), as in 
Figure 2—40(a), you can see that D3 and D, have a peak inverse voltage equal to the peak 
secondary voltage. Since the output voltage is ideally equal to the secondary voltage, 


PIV = Vp(out) 


If the diode drops of the forward-biased diodes are included as shown in Figure 2—40(b), 
the peak inverse voltage across each reverse-biased diode in terms of V,oyr) iS 


PIV = Vy(ous) + 0.7V 


The PIV rating of the bridge diodes is less than that required for the center-tapped config- 
uration. If the diode drop is neglected, the bridge rectifier requires diodes with half the PIV 
rating of those in a center-tapped rectifier for the same output voltage. 


Vovpri) 
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p(out) 


V, 


p(out) 


(a) For the ideal diode model (forward-biased diodes D, and D, are 


shown in green), PIV = Vj (oy1)- 


(b) For the practical diode model (forward-biased diodes D, and D, are 
shown in green), PIV = V,(,,;) + 0.7 V. 


A FIGURE 2-40 


Peak inverse voltages across diodes D3 and D, in a bridge rectifier during the positive half-cycle of the 
secondary voltage. 
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EXAMPLE 2-7 Determine the peak output voltage for the bridge rectifier in Figure 2-41. Assuming the 
practical model, what PIV rating is required for the diodes? The transformer is speci- 
fied to have a 12 V rms secondary voltage for the standard 120 V across the primary. 


» FIGURE 2-41 


120V | 
ate 


Vivout) 


Solution The peak output voltage (taking into account the two diode drops) is 


Vo(sec) = 1.414Vims = 1.41412 V) = 17 V 


oe ccs bo V = 17V —14V = 15.6V 
The PIV rating for each diode is 
PIGS Von) + O17 V — 15.6V + 0.7V = 16.3V 


Related Problem Determine the peak output voltage for the bridge rectifier in Figure 2—41 if the trans- 
former produces an rms secondary voltage of 30 V. What is the PIV rating for the diodes? 


tip Open the Multisim file EO2-07 in the Examples folder on the companion website. 
Measure the output voltage and compare to the calculated value. 


ill-wave voltage differ from a half-wave voltage? 
age value of a full-wave rectified voltage with a peak value of 60 V? 


of full-wave rectifier has the greater output voltage for the same input 
rmer turns ratio? 


oltage of 45 V, in which type of rectifier would you use diodes with 


is required for diodes used in the type of rectifier that was not 


2—6 POWER SUPPLY FILTERS AND REGULATORS 


A power supply filter ideally eliminates the fluctuations in the output voltage of a half- 
wave or full-wave rectifier and produces a constant-level dc voltage. Filtering is neces- 
sary because electronic circuits require a constant source of dc voltage and current to 
provide power and biasing for proper operation. Filters are implemented with capaci- 
tors, as you will see in this section. Voltage regulation in power supplies is usually 
done with integrated circuit voltage regulators. A voltage regulator prevents changes in 
the filtered dc voltage due to variations in input voltage or load. 
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When installing polarized 
capacitors in a circuit, be sure to 
observe the proper polarity. The 
positive lead always connects to 
the more positive side of the 
circuit. An incorrectly connected 
polarized capacitor can explode. 


In most power supply applications, the standard 60 Hz ac power line voltage must be 
converted to an approximately constant dc voltage. The 60 Hz pulsating dc output of a 
half-wave rectifier or the 120 Hz pulsating output of a full-wave rectifier must be filtered to 
reduce the large voltage variations. Figure 2—42 illustrates the filtering concept showing a 
nearly smooth dc output voltage from the filter. The small amount of fluctuation in the fil- 
ter output voltage is called ripple. 


(b) Rectifier with a filter (output ripple is exaggerated) 


A FIGURE 2-42 
Power supply filtering. 


Capacitor-Input Filter 


A half-wave rectifier with a capacitor-input filter is shown in Figure 2—43. The filter is sim- 
ply a capacitor connected from the rectifier output to ground. R,, represents the equivalent 
resistance of a load. We will use the half-wave rectifier to illustrate the basic principle and 
then expand the concept to full-wave rectification. 

During the positive first quarter-cycle of the input, the diode is forward-biased, allowing 
the capacitor to charge to within 0.7 V of the input peak, as illustrated in Figure 2—43(a). 
When the input begins to decrease below its peak, as shown in part (b), the capacitor re- 
tains its charge and the diode becomes reverse-biased because the cathode is more positive 
than the anode. During the remaining part of the cycle, the capacitor can discharge only 
through the load resistance at a rate determined by the R;C time constant, which is nor- 
mally long compared to the period of the input. The larger the time constant, the less the 
capacitor will discharge. During the first quarter of the next cycle, as illustrated in part (c), 
the diode will again become forward-biased when the input voltage exceeds the capacitor 
voltage by approximately 0.7 V. 
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(b) The capacitor discharges through R, after peak of positive alternation when the diode is reverse-biased. 
This discharging occurs during the portion of the input voltage indicated by the solid dark blue curve. 
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(c) The capacitor charges back to peak of input when the diode becomes forward-biased. This charging occurs 
during the portion of the input voltage indicated by the solid dark blue curve. 
A FIGURE 2-43 


Operation of a half-wave rectifier with a capacitor-input filter. The current indicates charging or 
discharging of the capacitor. 


Ripple Voltage As you have seen, the capacitor quickly charges at the beginning of a 
cycle and slowly discharges through R; after the positive peak of the input voltage (when 
the diode is reverse-biased). The variation in the capacitor voltage due to the charging and 
discharging is called the ripple voltage. Generally, ripple is undesirable; thus, the smaller 
the ripple, the better the filtering action, as illustrated in Figure 2—44. 
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0 ae oF. 
(b) Smaller ripple means more effective filtering. Generally, the larger the 
capacitor value, the smaller the ripple for the same input and load. 
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(a) Larger ripple (blue) means less effective filtering. 


A FIGURE 2-44 


Half-wave ripple voltage (blue line). 
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» FIGURE 2-46 


Comparison of ripple voltages for 
half-wave and full-wave rectified volt- 
ages with the same filter capacitor 
and load and derived from the same 
sinusoidal input voltage. 


Equation 2-11 


» FIGURE 2-47 


V, and Vpc determine the ripple 
factor. 


For a given input frequency, the output frequency of a full-wave rectifier is twice that of 
a half-wave rectifier, as illustrated in Figure 2-45. This makes a full-wave rectifier easier 
to filter because of the shorter time between peaks. When filtered, the full-wave rectified 
voltage has a smaller ripple than does a half-wave voltage for the same load resistance and 
capacitor values. The capacitor discharges less during the shorter interval between full- 
wave pulses, as shown in Figure 2-46. 


> FIGURE 2-45 


The period of a full-wave rectified 


voltage is half that of a half-wave 0 
rectified voltage. The output (a) aa = 
frequency of a full-wave rectifier is 
twice that of a half-wave rectifier. 
0) = 
eT ->| 


(b) Full-wave 


Same slope (capacitor 
Ripple discharge rate) 


0) eee | 
(a) Half-wave 


(b) Full-wave 
Ripple Factor The ripple factor (r) is an indication of the effectiveness of the filter and 
is defined as 


V+-(pp) 


Voc 


where Vp) is the peak-to-peak ripple voltage and Vpc is the dc (average) value of the fil- 
ter’s output voltage, as illustrated in Figure 2-47. The lower the ripple factor, the better the 
filter. The ripple factor can be lowered by increasing the value of the filter capacitor or in- 
creasing the load resistance. 


-} Vip) 


For a full-wave rectifier with a capacitor-input filter, approximations for the peak-to- 
peak ripple voltage, V,;,p), and the de value of the filter output voltage, Vpc, are given in 
the following equations. The variable V,,,¢-7) is the unfiltered peak rectified voltage. Notice 
that if R, or C increases, the ripple voltage decreases and the dc voltage increases. 
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i. . 
Vip) = (=) Vo(rect) Equation 2-12 


1 i 
Voc = (1 - sae Woewe Equation 2-13 


The derivations for these equations can be found in “Derivations of Selected Equations” at 
www.pearsonhighered.com/floyd. 


EXAMPLE 2-8 Determine the ripple factor for the filtered bridge rectifier with a load as indicated in 
Figure 2-48. 


» FIGURE 2-48 


Vivsec) 


All diodes are 1N4001. 


Solution The transformer turns ratio isn = 0.1. The peak primary voltage is 


Vpipri) = 1.414Vims = 1.414(120V) = 170V 


The peak secondary voltage is 


eV) — 0-1(170 V) = 17.0V 


The unfiltered peak full-wave rectified voltage is 


Ve 14 = 17.0V - 1.4V = 15.6V 


The frequency of a full-wave rectified voltage is 120 Hz. The approximate peak-to- 
peak ripple voltage at the output is 


1 1 
Vit) = Vo(rect) = 
(PP) ( ae) erect) (53 Hz)(220 0)(1000 pF) 


The approximate dc value of the output voltage is determined as follows: 


1 1 
=| =(1 
Voc ( a) Votvect ( (240 Hz)(220 0)(1000 F) 


The resulting ripple factor is 


)isov = 0.591 V 


156 V = 15.3 V 


= Vip) — 0.591 V _ ee 
Ge ieee 


The percent ripple is 3.9%. 


Related Problem Determine the peak-to-peak ripple voltage if the filter capacitor in Figure 2—48 is in- 
creased to 2200 mF and the load resistance changes to 2.2kQ. 


Open the Multisim file EO2-08 in the Examples folder on the companion website. 
For the specified input voltage, measure the peak-to-peak ripple voltage and the dc 
value at the output. Do the results agree closely with the calculated values? If not, 
can you explain why? 
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» FIGURE 2-49 


Surge current in a capacitor-input 
filter. 


» FIGURE 2-50 


A voltage regulator with input and 
output capacitors. 


Surge Current in the Capacitor-Input Filter Before the switch in Figure 2-49 is 
closed, the filter capacitor is uncharged. At the instant the switch is closed, voltage is con- 
nected to the bridge and the uncharged capacitor appears as a short, as shown. This pro- 
duces an initial surge of current, /;,,,ge, through the two forward-biased diodes D, and Dy. 
The worst-case situation occurs when the switch is closed at a peak of the secondary volt- 
age and a maximum surge current, [s,;,¢e(max), 18 produced, as illustrated in the figure. 


I surge(max) The capacitor appears as 


an instantaneous short. 


In dc power supplies, a fuse is always placed in the primary circuit of the transformer, 
as shown in Figure 2-49. A slow-blow type fuse is generally used because of the surge cur- 
rent that initially occurs when power is first turned on. The fuse rating is determined by 
calculating the power in the power supply load, which is the output power. Since Pin = Poy; 
in an ideal transformer, the primary current can be calculated as 

L.= P. in 
pr 120 V 
The fuse rating should be at least 20% larger than the calculated value of J,,,;. 


Voltage Regulators 


While filters can reduce the ripple from power supplies to a low value, the most effective ap- 
proach is a combination of a capacitor-input filter used with a voltage regulator. A voltage 
regulator is connected to the output of a filtered rectifier and maintains a constant output volt- 
age (or current) despite changes in the input, the load current, or the temperature. The capac- 
itor-input filter reduces the input ripple to the regulator to an acceptable level. The combina- 
tion of a large capacitor and a voltage regulator helps produce an excellent power supply. 

Most regulators are integrated circuits and have three terminals—an input terminal, an 
output terminal, and a reference (or adjust) terminal. The input to the regulator is first fil- 
tered with a capacitor to reduce the ripple to <10%. The regulator reduces the ripple to a 
negligible amount. In addition, most regulators have an internal voltage reference, short- 
circuit protection, and thermal shutdown circuitry. They are available in a variety of volt- 
ages, including positive and negative outputs, and can be designed for variable outputs 
with a minimum of external components. Typically, voltage regulators can furnish a con- 
stant output of one or more amps of current with high ripple rejection. 

Three-terminal regulators designed for fixed output voltages require only external ca- 
pacitors to complete the regulation portion of the power supply, as shown in Figure 2-50. 
Filtering is accomplished by a large-value capacitor between the input voltage and ground. 
An output capacitor (typically 0.1 wF to 1.0 wF) is connected from the output to ground to 
improve the transient response. 


Input 
Voltage 


ae Output 
wae | regulator aan 
Gnd 
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A basic fixed power supply with a +5 V voltage regulator is shown in Figure 2-51. 
Specific integrated circuit three-terminal regulators with fixed output voltages are covered 
in Chapter 17. 


On-off Fy 
switch 


D,-D4, are 1N4001 rectifier diodes. = = 


A FIGURE 2-51 


A basic +5.0 V regulated power supply. 


Percent Regulation 


The regulation expressed as a percentage is a figure of merit used to specify the performance 
of a voltage regulator. It can be in terms of input (line) regulation or load regulation. 


Line Regulation The line regulation specifies how much change occurs in the output 
voltage for a given change in the input voltage. It is typically defined as a ratio of a change 
in output voltage for a corresponding change in the input voltage expressed as a percentage. 


AV, 
Line regulation = (AY2 100% Equation 2-14 


Load Regulation The load regulation specifies how much change occurs in the output 
voltage over a certain range of load current values, usually from minimum current (no 
load, NL) to maximum current (full load, FL). It is normally expressed as a percentage and 
can be calculated with the following formula: 


Vet — Vev 


Load regulation = ( 100% Equation 2-15 


FL 


where Vy; is the output voltage with no load and Vpy is the output voltage with full (max- 
imum) load. 
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EXAMPLE 2-9 A certain 7805 regulator has a measured no-load output voltage of 5.18 V and a full- 
load output of 5.15 V. What is the load regulation expressed as a percentage? 


Way = WW 5), 116) WY = 5) II) WW 
Yu — YH.) 009% z SRY 


1 = 0.58% 
515V ) 100% 0.58 % 


Solution Load regulation = ( 
VeL 


Related Problem If the no-load output voltage of a regulator is 24.8 V and the full-load output is 23.9 V, 
what is the load regulation expressed as a percentage? 


60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier, what 
ut frequency? 

Hz sinusoidal voltage is applied to the input of a full-wave rectifier, what is 
it frequency? 
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ple voltage on the output of a capacitor-input filter? 
connected to a filtered power supply is decreased, what happens 


or. 
nce between input (line) regulation and load regulation? 


2-7 Dope LIMITERS AND CLAMPERS 


Diode circuits, called limiters or clippers, are sometimes used to clip off portions of signal 
voltages above or below certain levels. Another type of diode circuit, called a clamper, is 
used to add or restore a dc level to an electrical signal. Both limiter and clamper diode 
circuits will be examined in this section. 


After completing this section, you should be able to 


Diode Limiters 


Figure 2—52(a) shows a diode positive limiter (also called clipper) that limits or clips the pos- 
itive part of the input voltage. As the input voltage goes positive, the diode becomes forward- 
biased and conducts current. Point A is limited to +0.7 V when the input voltage exceeds this 


» FIGURE 2-52 


Examples of diode limiters (clippers). 


(a) Limiting of the positive alternation. The diode is forward-biased during the positive alternation (above 0.7 V) 
and reverse-biased during the negative alternation. 


(b) Limiting of the negative alternation. The diode is forward-biased during the negative alternation (below 
—0.7 V) and reverse-biased during the positive alternation. 


DIobDE LIMITERS AND CLAMPERS 


value. When the input voltage goes back below 0.7 V, the diode is reverse-biased and ap- 
pears as an open. The output voltage looks like the negative part of the input voltage, but 
with a magnitude determined by the voltage divider formed by R and the load resistor, R,, 
as follows: 


If R, is small compared to R;, then Vous = Vin. 

If the diode is turned around, as in Figure 2—52(b), the negative part of the input voltage 
is clipped off. When the diode is forward-biased during the negative part of the input volt- 
age, point A is held at —0.7 V by the diode drop. When the input voltage goes above 
—0.7 V, the diode is no longer forward-biased; and a voltage appears across R;,, propor- 


tional to the input voltage. 


EXAMPLE 2-10 


Solution 


Related Problem 


What would you expect to see displayed on an oscilloscope connected across Ry; in the 
limiter shown in Figure 2-53? 


» FIGURE 2-53 


The diode is forward-biased and conducts when the input voltage goes below —0.7 V. 
So, for the negative limiter, determine the peak output voltage across R;, by the follow- 
ing equation: 


= Ry _ (100k9 a 
Vpout) arn em moma oY ~ 202% 


The scope will display an output waveform as shown in Figure 2—54. 


+9.09 V --— 


Vous 0 
7 


» FIGURE 2-54 


Output voltage waveform for Figure 2-53. 


Describe the output waveform for Figure 2-53 if R, is changed to 1k. 


Open the Multisim file EO2-10 in the Examples folder on the companion website. 
For the specified input, measure the resulting output waveform. Compare with the 
waveform shown in the example. 
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> FIGURE 2-55 


A positive limiter. 


» FIGURE 2-56 


A negative limiter. 


» FIGURE 2-57 


Biased Limiters The level to which an ac voltage is limited can be adjusted by adding a 
bias voltage, Vpyas, in series with the diode, as shown in Figure 2-55. The voltage at point 
A must equal Vgras + 0.7 V before the diode will become forward-biased and conduct. 
Once the diode begins to conduct, the voltage at point A is limited to Vpzas + 0.7 V so that 
all input voltage above this level is clipped off. 


R, 


in 


Veias + 0.7 V 


To limit a voltage to a specified negative level, the diode and bias voltage must be 
connected as in Figure 2—56. In this case, the voltage at point A must go below 
—Vepras — 0.7 V to forward-bias the diode and initiate limiting action as shown. 


R 


¥; n 


By turning the diode around, the positive limiter can be modified to limit the output 
voltage to the portion of the input voltage waveform above Vpras — 0.7 V, as shown by 
the output waveform in Figure 2—57(a). Similarly, the negative limiter can be modified 
to limit the output voltage to the portion of the input voltage waveform below 
—Vepras + 0.7 V, as shown by the output waveform in part (b). 
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EXAMPLE 2-11 Figure 2-58 shows a circuit combining a positive limiter with a negative limiter. 
Determine the output voltage waveform. 


» FIGURE 2-58 


— Diodes are 1N914. 


Solution When the voltage at point A reaches +5.7 V, diode D, conducts and limits the wave- 
form to +5.7 V. Diode D, does not conduct until the voltage reaches —5.7 V. Therefore, 
positive voltages above +5.7 V and negative voltages below —5.7 V are clipped off. The 


resulting output voltage waveform is shown in Figure 2-59. 


» FIGURE 2-59 


Output voltage waveform for Figure 
Mass), 


Related Problem Determine the output voltage waveform in Figure 2-58 if both de sources are 10 V and 


the input voltage has a peak value of 20 V. 


Open the Multisim file EO2-11 in the Examples folder on the companion website. 
For the specified input, measure the resulting output waveform. Compare with the 
waveform shown in the example. 


Voltage-Divider Bias The bias voltage sources that have been used to illustrate the basic 
operation of diode limiters can be replaced by a resistive voltage divider that derives the 
desired bias voltage from the dc supply voltage, as shown in Figure 2-60. The bias voltage 
is set by the resistor values according to the voltage-divider formula. 


R3 


———_ ]V: 
Ro + =) SUPPLY 


Vpras = ( 
A positively biased limiter is shown in Figure 2—60(a), a negatively biased limiter is shown 
in part (b), and a variable positive bias circuit using a potentiometer voltage divider is 
shown in part (c). The bias resistors must be small compared to R, so that the forward cur- 
rent through the diode will not affect the bias voltage. 


A Limiter Application Many circuits have certain restrictions on the input level to avoid 
damaging the circuit. For example, almost all digital circuits should not have an input level 
that exceeds the power supply voltage. An input of a few volts more than this could dam- 
age the circuit. To prevent the input from exceeding a specific level, you may see a diode 
limiter across the input signal path in many digital circuits. 
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(a) Positive limiter (b) Negative limiter (c) Variable positive limiter 


A FIGURE 2-60 


Diode limiters implemented with voltage-divider bias. 


1N914 


Use the voltage-divider formula to determine the bias 
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rm is shown in Figure 2-62. The positive part of the output 
d to Vpras + 0.7 V. 


tage divider in Figure 2-61 to limit the output voltage 


tsp le E in the Examples folder on the companion website. 
on the oscilloscope and compare to the calculated 
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Diode Clampers 


A clamper adds a dc level to an ac voltage. Clampers are sometimes known as dc restor- 
ers. Figure 2-63 shows a diode clamper that inserts a positive dc level in the output wave- 
form. The operation of this circuit can be seen by considering the first negative half-cycle 
of the input voltage. When the input voltage initially goes negative, the diode is forward- 
biased, allowing the capacitor to charge to near the peak of the input (V,,in) — 0.7 V), as 
shown in Figure 2—63(a). Just after the negative peak, the diode is reverse-biased. This is 
because the cathode is held near V,j,) — 0.7 V by the charge on the capacitor. The capac- 
itor can only discharge through the high resistance of R;. So, from the peak of one negative 
half-cycle to the next, the capacitor discharges very little. The amount that is discharged, of 
course, depends on the value of Ry, 


Forward- 


0 \ ] biased 
V, 


~¥ p(in) 


(a) 


(b) 


If the capacitor discharges during the period of the input wave, clamping action is af- 
fected. If the RC time constant is 100 times the period, the clamping action is excellent. An 
RC time constant of ten times the period will have a small amount of distortion at the 
ground level due to the charging current. 

The net effect of the clamping action is that the capacitor retains a charge approxi- 
mately equal to the peak value of the input less the diode drop. The capacitor voltage acts 
essentially as a battery in series with the input voltage. The dc voltage of the capacitor adds 
to the input voltage by superposition, as in Figure 2—63(b). 

If the diode is turned around, a negative dc voltage is added to the input voltage to pro- 
duce the output voltage as shown in Figure 2-64. 
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<4 FIGURE 2-63 


Positive clamper operation. 


<@ FIGURE 2-64 
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Negative clamper. 
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EXAMPLE 2-13 What is the output voltage that you would expect to observe across R,, in the clamping 
circuit of Figure 2-65? Assume that RC is large enough to prevent significant capacitor 
discharge. 


» FIGURE 2-65 
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Solution Ideally, a negative dc value equal to the input peak less the diode drop is inserted by 
the clamping circuit. 


Voc = — (Vyyiny — 0.7V) = —24V — 0.7V) = —23.3V 


Actually, the capacitor will discharge slightly between peaks, and, as a result, the out- 
put voltage will have an average value of slightly less than that calculated above. The 
output waveform goes to approximately +0.7 V, as shown in Figure 2—66. 


» FIGURE 2-66 


Output waveform across R, for 
Figure 2-65. 


Related Problem What is the output voltage that you would observe across R,;, in Figure 2-65 for 
C = 22 wFand R; = 18k? 


Open the Multisim file EO2-13 in the Examples folder on the companion website. 
For the specified input, measure the output waveform. Compare with the waveform 
shown in the example. 


limiters and diode clampers differ in terms of their function. 
rence between a positive limiter and a negative limiter? 


1m voltage across an unbiased positive silicon diode limiter during 
tion of the input voltage? 


t voltage of a positive limiter to 5 V when a 10 V peak input is ap- 
ust the bias voltage be? 


tin a clamping circuit effectively acts as a battery? 
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2—8 VOLTAGE MULTIPLIERS 


Voltage multipliers use clamping action to increase peak rectified voltages without the 
necessity of increasing the transformer’s voltage rating. Multiplication factors of two, 
three, and four are common. Voltage multipliers are used in high-voltage, low-current 
applications such as cathode-ray tubes (CRTs) and particle accelerators. 


After completing this section, you should be able to 


4 Explain and analyze the operation of diode voltage multipliers 

4 Discuss voltage doublers 
¢ Explain the half-wave voltage doubler ¢ Explain the full-wave voltage 
doubler 

4 Discuss voltage triplers 

2 Discuss voltage quadruplers 


Voltage Doubler 


Half-Wave Voltage Doubler A voltage doubler is a voltage multiplier with a multiplica- 
tion factor of two. A half-wave voltage doubler is shown in Figure 2-67. During the positive 
half-cycle of the secondary voltage, diode D, is forward-biased and D is reverse-biased. 
Capacitor C, is charged to the peak of the secondary voltage (V,,) less the diode drop with the 
polarity shown in part (a). During the negative half-cycle, diode D, is forward-biased and D,; 
is reverse-biased, as shown in part (b). Since C, can’t discharge, the peak voltage on C adds 
to the secondary voltage to charge C2 to approximately 2V,. Applying Kirchhoff’s law 
around the loop as shown in part (b), the voltage across C) is 


Vou — Vo + Vg = 0 
Vo = V, + Ver 
Neglecting the diode drop of Dy, Vc, = V,. Therefore, 
Va =V,+ V, = 2V, 


C 
Vy —0.7V Reverse-biased 
\< oO 
f Dy 


dD, 
dD, Cy 0 reverse- 
biased 
+ 


(a) (b) 


A FIGURE 2-67 


Half-wave voltage doubler operation. V, is the peak secondary voltage. 


Under a no-load condition, C2 remains charged to approximately 2V,,. If a load resist- 
ance is connected across the output, C2 discharges slightly through the load on the next 
positive half-cycle and is again recharged to 2V, on the following negative half-cycle. The 
resulting output is a half-wave, capacitor-filtered voltage. The peak inverse voltage across 
each diode is 2V,,. If the diode were reversed, the output voltage across Cy would have the 
opposite polarity. 


71 


72 ¢ DIODES AND APPLICATIONS 


Full-Wave Voltage Doubler A full-wave doubler is shown in Figure 2-68. When the 
secondary voltage is positive, D, is forward-biased and C; charges to approximately V,,, as 
shown in part (a). During the negative half-cycle, Dz is forward-biased and C charges to 
approximately V,,, as shown in part (b). The output voltage, 2V,,, is taken across the two ca- 
pacitors in series. 


dD 


Reverse-biased 


ae M 


Reverse-biased 


(a) (b) 


A FIGURE 2-68 


Full-wave voltage doubler operation. 


Voltage Tripler 


The addition of another diode-capacitor section to the half-wave voltage doubler creates 
a voltage tripler, as shown in Figure 2-69. The operation is as follows: On the positive 
half-cycle of the secondary voltage, C; charges to V, through D,. During the negative half- 
cycle, Cy charges to 2V,, through D5, as described for the doubler. During the next positive 
half-cycle, C3 charges to 2V, through D3. The tripler output is taken across C; and C3, as 
shown in the figure. 


> FIGURE 2-69 


Voltage tripler. 


Voltage Quadrupler 


The addition of still another diode-capacitor section, as shown in Figure 2—70, produces an 
output four times the peak secondary voltage. C4 charges to 2V,, through D4 on a negative 
half-cycle. The 4V,, output is taken across Cz and C4, as shown. In both the tripler and 
quadrupler circuits, the PIV of each diode is 2V,,. 


» FIGURE 2-70 Ya aM 
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that produces an output of 200 V? 


ust be the peak voltage rating of the transformer secondary for a voltage 


put voltage of a quadrupler is 620 V. What minimum PIV rating must each 


2-9 THE DIODE DATASHEET 


A manufacturer’s datasheet gives detailed information on a device so that it can be 
used properly in a given application. A typical datasheet provides maximum ratings, 
electrical characteristics, mechanical data, and graphs of various parameters. 


After completing this section, you should be able to 


4 Interpret and use diode datasheets 
¢ Define several absolute maximum ratings ¢ Define diode thermal 
characteristics ¢@ Define several electrical characteristics + Interpret the 
forward current derating curve ¢ Interpret the forward characteristic curve 
« Discuss nonrepetitive surge current ¢ Discuss the reverse characteristics 


Figure 2—71 shows a typical rectifier diode datasheet. The presentation of information 
on datasheets may vary from one manufacturer to another, but they basically all convey the 
same information. The mechanical information, such as package dimensions, are not 
shown on this particular datasheet but are generally available from the manufacturer. 
Notice on this datasheet that there are three categories of data given in table form and four 
types of characteristics shown in graphical form. 


Data Categories 


Absolute Maximum Ratings The absolute maximum ratings indicate the maximum 
values of the several parameters under which the diode can be operated without damage 
or degradation. For greatest reliability and longer life, the diode should be operated well 
under these maximums. Generally, the maximum ratings are specified for an operating 
ambient temperature (T',) of 25°C unless otherwise stated. Ambient temperature is the 
temperature of the air surrounding the device. The parameters given in Figure 2—71 are 
as follows: 


Verrm_ The peak reverse voltage that can be applied repetitively across the diode. 
Notice that it is 50 V for the 1N4001 and 1000 V for the 1N4007. This rating is the 
same as the PIV. 


Tgcavy) The maximum average value of a 60 Hz half-wave rectified forward current. 
This current parameter is 1.0 A for all of the diode types and is specified for an ambient 
temperature of 75°C. 


Igsm The maximum peak value of nonrepetitive single half-sine-wave forward surge 
current with a duration of 8.3 ms. This current parameter is 30 A for all of the diode 
types. 


Tg The allowable range of temperatures at which the device can be kept when not 
operating or connected to a circuit. 


Ty; The allowable range of temperatures for the pn junction when the diode is operated 
in a circuit. 
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SEMICONDUCTOR® a 
Forward Current Derating Curve Forward Characteristics 


1N4001 - 1N4007 


Features 
* Low forward voltage drop. 
* High surge current capability. 
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Absolute Maximum Ratings* 1, =25°cuniess otherwise noted 


Symbol Parameter Value 


4002 | 4003 | 4004 
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‘These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


Thermal Characteristics 


Symbol Parameter 


Py Power Dissipation 
R, Thermal Resistance, Junction to Ambient 


JA 


Electrical Characteristics 1, =25-cuniess otherwise noted 


Symbol Parameter Device 
4001 | 4002 | 4003 | 4004 | 4005 | 4006 | 4007 


Forward Voltage @ 1.0A 

Maximum Full Load Reverse Current, Full 

Cycle Ta= 75°C 

Reverse Current @ rated V, T, = 25°C 
Ta= 100°C 


Total Capacitance 
Vp=4.0V, f= 1.0 MHz 


A FIGURE 2-71 


Copyright Fairchild Semiconductor Corporation. Used by permission. 


Thermal Characteristics All devices have a limit on the amount of heat that they can 
tolerate without failing in some way. 


Pp Average power dissipation is the amount of power that the diode can dissipate 
under any condition. A diode should never be operated at maximum power, except for 
brief periods, to assure reliability and longer life. 


Roya Thermal resistance from the diode junction to the surrounding air. This indicates 
the ability of the device material to resist the flow of heat and specifies the number of 
degrees difference between the junction and the surrounding air for each watt trans- 
ferred from the junction to the air. 


Electrical Characteristics The electrical characteristics are specified under certain con- 
ditions and are the same for each type of diode. These values are typical and can be more 
or less for a given diode. Some datasheets provide a minimum and a maximum value in ad- 
dition to a typical value for a parameter. 


Vp. The forward voltage drop across the diode when there is 1 A of forward current. To 
determine the forward voltage for other values of forward current, you must examine 
the forward characteristics graph. 


I, Maximum full load reverse current averaged over a full ac cycle at 75°C. 


Ip The reverse current at the rated reverse voltage (Vppm). Values are specified at two 
different ambient temperatures. 


Cy This is the total diode capacitance including the junction capacitance in reverse 
bias at a frequency of | MHz. Most of the time this parameter is not important in low- 
frequency applications, such as power supply rectifiers. 


Graphical Characteristics 


The Forward Current Derating Curve This curve on the datasheet in Figure 2-71 
shows maximum forward diode current Jp(4y) in amps versus the ambient temperature. Up 
to about 75°C, the diode can handle a maximum of | A. Above 75°C, the diode cannot 
handle 1 A, so the maximum current must be derated as shown by the curve. For example, 
if a diode is operating in an ambient temperature of 120°C, it can handle only a maximum 
of 0.4 A, as shown in Figure 2—72. 


Forward Current Derating Curve <4 FIGURE 2-72 
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Forward Characteristics Curve Another graph from the datasheet shows instantaneous 
forward current as a function of instantaneous forward voltage. As indicated, data for this 
curve is derived by applying 300 ys pulses with a duty cycle of 2%. Notice that this graph 
is for Ty = 25°C. For example, a forward current of 1 A corresponds to a forward voltage 
of about 0.93 V, as shown in Figure 2—73. 


Forward Characteristics <4 FIGURE 2-73 
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Nonrepetitive Surge Current This graph from the datasheet shows Jpsy as a function 
of the number of cycles at 60 Hz. For a one-time surge, the diode can withstand 30 A. 
However, if the surges are repeated at a frequency of 60 Hz, the maximum surge current 
decreases. For example, if the surge is repeated 7 times, the maximum current is 18 A, as 
shown in Figure 2—74. 
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> FIGURE 2-74 Non-Repetitive Surge Current 
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Reverse Characteristics This graph from the datasheet shows how the reverse current 
varies with the reverse voltage for three different junction temperatures. The horizontal 
axis is the percentage of maximum reverse voltage, Very. For example, at 25°C, a 1N4001 
has a reverse current of approximately 0.04 wA at 20% of its maximum Very or 10 V. If 
the Verm is increased to 90%, the reverse current increases to approximately 0.11 A, as 
shown in Figure 2-75. 


> FIGURE 2-75 Reverse Characteristics 
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This section provides a general overview and application of an approach to troubleshoot- 
ing. Specific troubleshooting examples of the power supply and diode circuits are 
covered. 
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After completing this section, you should be able to 


4 Troubleshoot diodes and power supply circuits 

Test a diode with a DMM 

¢ Use the diode test position Determine if the diode is good or bad 

¢ Use the Ohms function to check a diode 

4 Troubleshoot a de power supply by analysis, planning, and measurement 
¢ Use the half-splitting method 

4 Perform fault analysis 
¢ Isolate fault to a single component 


oO 


Chapter 18: Basic Programming Concepts for Automated Testing 
Selected sections from Chapter 18 may be introduced as part of this troubleshooting 
coverage or, optionally, the entire Chapter 18 may be covered later or not at all. 


Testing a Diode 


A multimeter can be used as a fast and simple way to check a diode out of the circuit. A 
good diode will show an extremely high resistance (ideally an open) with reverse bias and 
a very low resistance with forward bias. A defective open diode will show an extremely 
high resistance (or open) for both forward and reverse bias. A defective shorted or resistive 
diode will show zero or a low resistance for both forward and reverse bias. An open diode 
is the most common type of failure. 


The DMM Diode Test Position Many digital multimeters (DMMs) have a diode test 
function that provides a convenient way to test a diode. A typical DMM, as shown in 
Figure 2—76, has a small diode symbol to mark the position of the function switch. When 
set to diode test, the meter provides an internal voltage sufficient to forward-bias and 
reverse-bias a diode. This internal voltage may vary among different makes of DMM, but 
2.5 V to 3.5 V is a typical range of values. The meter provides a voltage reading or other 
indication to show the condition of the diode under test. 


When the Diode Is Working In Figure 2—76(a), the red (positive) lead of the meter is 
connected to the anode and the black (negative) lead is connected to the cathode to forward- 
bias the diode. If the diode is good, you will get a reading of between approximately 0.5 V 
and 0.9 V, with 0.7 V being typical for forward bias. 

In Figure 2—76(b), the diode is turned around for reverse bias as shown. If the diode is 
working properly, you will typically get a reading of “OL”. Some DMMs may display the 
internal voltage for a reverse-bias condition. 


When the Diode Is Defective When a diode has failed open, you get an out-of-range 
“OL” indication for both the forward-bias and the reverse-bias conditions, as illustrated in 
Figure 2—76(c). If a diode is shorted, the meter reads 0 V in both forward- and reverse-bias 
tests, as indicated in part (d). 


Checking a Diode with the OHMs Function DMMs that do not have a diode test po- 
sition can be used to check a diode by setting the function switch on an OHMs range. For 
a forward-bias check of a good diode, you will get a resistance reading that can vary de- 
pending on the meter’s internal battery. Many meters do not have sufficient voltage on the 
OHMs setting to fully forward-bias a diode and you may get a reading of from several hun- 
dred to several thousand ohms. For the reverse-bias check of a good diode, you will get an 
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When working with low-voltage 
power supplies, be careful not to 
come in contact with the 120 V 
ac line. Severe shock or worse 
could result. To verify input 
voltage to a rectifier, it is always 
better to check at the transformer 
secondary instead of trying to 
measure the line voltage directly. 
If it becomes necessary to 
measure the line voltage, use a 
multimeter and be careful. 
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A FIGURE 2-76 
Testing a diode out-of-circuit with a DMM. 


out-of-range indication such as “OL” on most DMMs because the reverse resistance is too 
high for the meter to measure. 

Even though you may not get accurate forward- and reverse-resistance readings on a 
DMM, the relative readings indicate that a diode is functioning properly, and that is usually all 
you need to know. The out-of-range indication shows that the reverse resistance is extremely 
high, as you expect. The reading of a few hundred to a few thousand ohms for forward bias is 
relatively small compared to the reverse resistance, indicating that the diode is working prop- 
erly. The actual resistance of a forward-biased diode is typically much less than 100 ©. 


Troubleshooting a Power Supply 


Troubleshooting is the application of logical thinking combined with a thorough knowl- 
edge of circuit or system operation to identify and correct a malfunction. A systematic ap- 
proach to troubleshooting consists of three steps: analysis, planning, and measuring. 

A defective circuit or system is one with a known good input but with no output or an 
incorrect output. For example, in Figure 2—77(a), a properly functioning dc power supply 
is represented by a single block with a known input voltage and a correct output voltage. A 
defective dc power supply is represented in part (b) as a block with an input voltage and an 
incorrect output voltage. 


Analysis The first step in troubleshooting a defective circuit or system is to analyze the 
problem, which includes identifying the symptom and eliminating as many causes as pos- 
sible. In the case of the power supply example illustrated in Figure 2—77(b), the symptom 
is that the output voltage is not a constant regulated dc voltage. This symptom does not tell 
you much about what the specific cause may be. In other situations, however, a particular 
symptom may point to a given area where a fault is most likely. 


120 V ac 4 )}— DC power supply 


Output 


120 V ac 4 }— DC power supply 
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(a) The correct de output voltage is measured with oscilloscope. (b) An incorrect voltage is measured at the output with oscilloscope. 
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Block representations of functioning and nonfunctioning power supplies. 


The first thing you should do in analyzing the problem is to try to eliminate any obvious 
causes. In general, you should start by making sure the power cord is plugged into an ac- 
tive outlet and that the fuse is not blown. In the case of a battery-powered system, make 
sure the battery is good. Something as simple as this is sometimes the cause of a problem. 
However, in this case, there must be power because there is an output voltage. 

Beyond the power check, use your senses to detect obvious defects, such as a burned re- 
sistor, broken wire, loose connection, or an open fuse. Since some failures are temperature 
dependent, you can sometimes find an overheated component by touch. However, be very 
cautious in a live circuit to avoid possible burn or shock. For intermittent failures, the cir- 
cuit may work properly for awhile and then fail due to heat buildup. As a rule, you should 
always do a sensory check as part of the analysis phase before proceeding. 


Planning In this phase, you must consider how you will attack the problem. There are 
three possible approaches to troubleshooting most circuits or systems. 


1. Start at the input (the transformer secondary in the case of a dc power supply) 
where there is a known input voltage and work toward the output until you get an 
incorrect measurement. When you find no voltage or an incorrect voltage, you have 
narrowed the problem to the part of the circuit between the last test point where the 
voltage was good and the present test point. In all troubleshooting approaches, you 
must know what the voltage is supposed to be at each point in order to recognize an 
incorrect measurement when you see it. 


2. Start at the output of a circuit and work toward the input. Check for voltage at each 
test point until you get a correct measurement. At this point, you have isolated the 
problem to the part of the circuit between the last test point and the current test 
point where the voltage is correct. 


3. Use the half-splitting method and start in the middle of the circuit. If this measure- 
ment shows a correct voltage, you know that the circuit is working properly from 
the input to that test point. This means that the fault is between the current test 
point and the output point, so begin tracing the voltage from that point toward the 
output. If the measurement in the middle of the circuit shows no voltage or an in- 
correct voltage, you know that the fault is between the input and that test point. 
Therefore, begin tracing the voltage from the test point toward the input. 


For illustration, let’s say that you decide to apply the half-splitting method using an 
oscilloscope. 


Measurement The half-splitting method is illustrated in Figure 2—78 with the measure- 
ments indicating a particular fault (open filter capacitor in this case). At test point 2 (TP2) 
you observe a full-wave rectified voltage that indicates that the transformer and rectifier 
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A FIGURE 2-78 


Example of the half-splitting approach. An open filter capacitor is indicated. 


are working properly. This measurement also indicates that the filter capacitor is open, 
which is verified by the full-wave voltage at TP3. If the filter were working properly, you 
would measure a dc voltage at both TP2 and TP3. If the filter capacitor were shorted, you 
would observe no voltage at all of the test points because the fuse would most likely be 
blown. A short anywhere in the system is very difficult to isolate because, if the system is 
properly fused, the fuse will blow immediately when a short to ground develops. 

For the case illustrated in Figure 2—78, the half-splitting method took two measure- 
ments to isolate the fault to the open filter capacitor. If you had started from the trans- 
former output, it would have taken three measurements; and if you had started at the final 
output, it would have also taken three measurements, as illustrated in Figure 2-79. 

Step 1 


Step 2 Step 3 


Correct (if filter Incorrect 


capacitor is open) 


Correct 


aT — a SST 
120V ac = Transformer Full-wave maa Voltage 
(fused) _———— rectifier TP? filter TP3 regulator TP4 


(a) Measurements starting at the transformer output 


Step 3 


Correct (if filter 
capacitor is open) 


Incorrect Incorrect 


aT TP) yo a ——— 


120 V ac = Transformer —® Full-wave coool Voltage 
(fused) rectifier TP2 aie TP3 regulator TP4 


(b) Measurements starting at the regulator output 


A FIGURE 2-79 


In this particular case, the two other approaches require more oscilloscope measurements than the 
half-splitting approach in Figure 2—78. 


Fault Analysis 
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In some cases, after isolating a fault to a particular circuit, it may be necessary to isolate 
the problem to a single component in the circuit. In this event, you have to apply logical 
thinking and your knowledge of the symptoms caused by certain component failures. 
Some typical component failures and the symptoms they produce are now discussed. 


Effect of an Open Diode in a Half-Wave Rectifier A half-wave filtered rectifier with 
an open diode is shown in Figure 2-80. The resulting symptom is zero output voltage as 
indicated. This is obvious because the open diode breaks the current path from the trans- 
former secondary winding to the filter and load resistor and there is no load current. 


<4 FIGURE 2-80 


The effect of an open diode ina 
half-wave rectifier is an output of 0 V. 


ake OPEN 
o- SN >| WW ° 
120 Vac ee 
cE 
° 
Transformer Rectifier Filter 


Other faults that will cause the same symptom in this circuit are ai 
winding, an open fuse, or no input voltage. 


Effect of an Open Diode in a Full-Wave Rectifier 


Ry 


n open transformer 


A full-wave center-tapped filtered 


rectifier is shown in Figure 2-81. If either of the two diodes is open, the output voltage will 


have twice the normal ripple voltage at 60 Hz rather than at 120 Hz, as 


120 Hz ripple 
indicates proper 
full-wave 
operation. 


indicated. 


An open diode 
causes half-wave 
rectification 

and increased 
ripple at 60 Hz. 


Note: This 
scope channel 
is ac coupled. 


F 
e 
120 V 
60 Hz Transformer 


Filter 


Rectifier 
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R, 


ie 
if 


The effect of an open diode in a center-tapped rectifier is half-wave rectification 
voltage at 60 Hz. 


and twice the ripple 


82 
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Another fault that will cause the same symptom is an open in the transformer secondary 
winding. 

The reason for the increased ripple at 60 Hz rather than at 120 Hz is as follows. If 
one of the diodes in Figure 2—81 is open, there is current through R; only during one 
half-cycle of the input voltage. During the other half-cycle of the input, the open path 
caused by the open diode prevents current through R;. The result is half-wave rectifica- 
tion, as shown in Figure 2-81, which produces the larger ripple voltage with a fre- 
quency of 60 Hz. 

An open diode in a full-wave bridge rectifier will produce the same symptom as in the 
center-tapped circuit, as shown in Figure 2-82. The open diode prevents current through 
R_ during half of the input voltage cycle. The result is half-wave rectification, which pro- 
duces double the ripple voltage at 60 Hz. 


120 Hz ripple Open diode 
indicates proper causes half-wave 
full-wave rectification 
operation. and increased 
ripple at 60 Hz. 


MW 


ISooraua 


i C R, 
Filter 


Rectifier 
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Effect of an open diode in a bridge rectifier. 


Effects of a Faulty Filter Capacitor Three types of defects of a filter capacitor are illus- 
trated in Figure 2-83. 


¢ Open If the filter capacitor for a full-wave rectifier opens, the output is a full-wave 
rectified voltage. 


¢ Shorted If the filter capacitor shorts, the output is 0 V. A shorted capacitor should 
cause the fuse to blow open. If not properly fused, a shorted capacitor may cause 
some or all of the diodes in the rectifier to burn open due to excessive current. In any 
event, the output is 0 V. 


« Leaky A leaky filter capacitor is equivalent to a capacitor with a parallel leakage 
resistance. The effect of the leakage resistance is to reduce the time constant and 
allow the capacitor to discharge more rapidly than normal. This results in an increase 
in the ripple voltage on the output. This fault is rare. 


Effects of a Faulty Transformer An open primary or secondary winding of a power 
supply transformer results in an output of 0 V, as mentioned before. 


TROUBLESHOOTING ¢® 83 


Normal filter capacitor < FIGURE 2-83 
(top waveform). 


Effects of a faulty filter capacitor. 


Open filter Shorted filter Leaky filter capacitor 
capacitor capacitor (bottom waveform) 
7 a 
V/DIV V/DIV mV/DIV 
o4 
Transformer | | Full-wave 
M\V\ (fused) rectifier @ WW 
. | surge 
120V oO I. Faulty e 
60 Hz é L 
Filter 
EXAMPLE 2-14 You are troubleshooting the power supply shown in the block diagram of Figure 2-84. 


You have found in the analysis phase that there is no output voltage from the regulator, 
as indicated. Also, you have found that the unit is plugged into the outlet and have ver- 
ified the input to the transformer with a DMM. You decide to use the half-splitting 
method using the scope. What is the problem? 


= TP a TP2 z TP3 TP4 
ransformer Full-wave apacitor- Voltage 
ese = —— (fused) @ rectifier ® input filter ® regulator e 


OV OV 


Step 2 Step 1 


Rectifier 


surge 


€ 
Filter 


Steps 4 & 5 Diode test Step 3 Check for a shorted 
capacitor 
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Solution The step-by-step measurement procedure is illustrated in the figure and described as 
follows. 


Step 1: There is no voltage at test point 2 (TP2). This indicates that the fault is 
between the input to the transformer and the output of the rectifier. Most 
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likely, the problem is in the transformer or in the rectifier, but there may be a 
short from the filter input to ground. 


Step 2: The voltage at test point 1 (TP1) is correct, indicating that the transformer 
is working. So, the problem must be in the rectifier or a shorted filter 
input. 


Step 3: With the power turned off, use a DMM to check for a short from the filter 
input to ground. Assume that the DMM indicates no short. The fault is now 
isolated to the rectifier. 


Step 4: Apply fault analysis to the rectifier circuit. Determine the component failure 
in the rectifier that will produce a 0 V input. If only one of the diodes in the 
rectifier is open, there should be a half-wave rectified output voltage, so this is 
not the problem. In order to have a 0 V output, there must be an open in the 
rectifier circuit. 


Step 5: With the power off, use the DMM in the diode test mode to check each diode. 
Replace the defective diodes, turn the power on, and check for proper opera- 
tion. Assume this corrects the problem. 


Related Problem Suppose you had found a short in Step 3, what would have been the logical next 
step? 


 4=6Multisim Troubleshooting Exercises 
ili, 


These file circuits are in the Troubleshooting Exercises folder on the companion website. 
Open each file and determine if the circuit is working properly. If it is not working prop- 
erly, determine the fault. 


1. Multisim file TSEO2-01 
2. Multisim file TSE02-02 
3. Multisim file TSE02-03 
4. Multisim file TSE02-04 


g diode will produce a reading in what range when forward- 


DMM produce when a diode is reverse-biased? 


in a bridge rectifier shorts, what are some possible consequences? 
ie output voltage of a rectifier if the filter capacitor becomes 


2 of a filtered rectifier is less than it should be. What may be the 
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Application Activity: DC Power Supply 


Power supply with full-wave bridge 
rectifier and capacitor filter. 


» FIGURE 2-86 


Rectifier components. 
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Assume that you are working for a company that designs, tests, manufactures, and mar- 
kets various electronic instruments including dc power supplies. Your first assignment is 
to develop and test a basic unregulated power supply using the knowledge that you have 
acquired so far. Later modifications will include the addition of a regulator. The power 
supply must meet or exceed the following specifications: 

¢ Input voltage: 120 V rms @60 Hz 

¢ Output voltage: 16 V dc 10% 

¢ Ripple factor (max): 3.00% 

¢ Load current (max): 250 mA 


Design of the Power Supply 


The Rectifier Circuit A full-wave rectifier has less ripple for a given filter capacitor 
than a half-wave rectifier. A full-wave bridge rectifier is probably the best choice 
because it provides the most output voltage for a given input voltage and the PIV is less 
than for a center-tapped rectifier. Also, the full-wave bridge does not require a center- 
tapped transformer. 

1. Compare Equations 2—7 and 2-9 for output voltages. 

2. Compare Equations 2-8 and 2—10 for PIV. 


The full-wave bridge rectifier circuit is shown in Figure 2-85. 


o—o- 70-194 


120 V ac || 


° 


i) 


The Rectifier Diodes There are two approaches for implementing the full-wave bridge: 
Four individual diodes, as shown in Figure 2—86(a) or a single IC package containing 
four diodes connected as a bridge rectifier, as shown in part (b). 


(a) Separate rectifier diodes (b) Full-wave bridge rectifier 
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FIGURE 2-87 


Rectifier datasheet. You can 

view the entire datasheet at www. 
fairchildsemiconductor.com. 
Copyright Fairchild Semiconductor 
Corporation. Used by permission. 


Because the rectifier in the single IC package exceeds the specifications and requires 
less wiring on a board, takes up less space, and requires stocking and handling of only 
one component versus four, it is the best choice. Another factor to consider is the cost. 


Requirements for the diodes in the bridge are 
¢ Forward current rating must be equal or greater than 250 mA (maximum load 


current). 
¢ PIV must be greater than the minimum calculated value of 16.7 V 


(PIV = Vyvour) + 0.7 V). 


By reviewing manufacturer’s datasheets on-line, a specific device can be chosen. Figure 
2-87 shows a partial datasheet for the rectifier to be used for this power supply. Notice that 
it exceeds the specified requirements. Four possible websites for rectifiers and diodes are 
fairchildsemiconductor.com; onsemi.com; semiconductor phillips.com; and rectron.com. 


Eyes 
FAIRCHILD 
[ee Se 


SEMICONDUCTOR® 


MB1S - MB8S 


Features 


SOIC-4 
Polarity symbols molded 
or marking on body 


Low leakage 


Surge overload rating: 
35 amperes peak. 


Ideal for printed circuit board. 


UL certified, UL #E111753. 


Bridge Rectifiers 
Absolute Maximum Ratings* 


T, = 25°C unless otherwise noted 


Symbol Parameter 


Maximum Repetitive Reverse Voltage 
Vans Maximum RMS Bridge Input Voltage 
Ve DC Reverse Voltage (Rated Vp) 
levy Average Rectified Forward Current, @ T, = 50°C 0.5 


lesm Non-repetitive Peak Forward Surge Current 35 
8.3 ms Single Half-Sine-Wave 
Storage Temperature Range 


Verm 


-55 to +150 
-55 to +150 


Totg 


T, Operating Junction Tem perature 


*. 
‘These ratings are limiting values above which the serviceability of any semiconductor device may be impaired, 


Thermal Characteristics 


Symbol Parameter 
Pp Power Dissipation 
Resa Thermal Resistance, Junction to Ambient,* per leg 


Rot Thermal Resistance, Junction to Lead,* per leg 


* Device mounted on PCB with 0.5-0.5" (13x13 mm) lead length. 


Electrical Characteristics 


T,, = 25°C unless otherwise noted 


Symbol Parameter 
Forward Voltage, per bridge @ 0.5A 


Reverse Current, per leg @ rated Vz 


Pt rating for fusing t<8.3 ms 


Total Capacitance, per leg 
Vep=4.0V, f= 1.0 MHz 


The Transformer The transformer must convert the 120 V line voltage to an ac voltage 
that will result in a rectified voltage that will produce 16 V+10% when filtered. A typical 
power transformer for mounting on a printed circuit board and a portion of a datasheet for 
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the series are shown in Figure 2—88. Notice that transformer power is measured in VA 
(volt-amps), not watts. 


3. Use Equation 2-9 to calculate the required transformer secondary rms voltage. 

4. From the partial datasheet in Figure 2—88, select an appropriate transformer based 
on its secondary voltage (series) and a VA specification that meets the requirement. 

5. Determine the required fuse rating. 


Secondary Dimensions Wt 


VA | Series Parallel H Ww L A B | Oz. 


2.5 | 10.0V CT @ 0.25A | 5.0V @ 0.5A 0.650 | 1.562 | 1.875 | 1.600 | 0.375} 5 
2.5 |12.6V CT @0.2A |6.3V@0.4A 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5 
2.5 |16.0V CT @ 0.15A | 8.0V @0.3A 0.650 | 1.562 | 1.875 | 1.600 | 0.375} 5 
2.5 |20.0V CT @ 0.125A| 10.0V @ 0.25A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 |24.0VCT@0.1A | 12.0V @0.2A 0.650 | 1.562 | 1.875 | 1.600 | 0.375} 5 
2.5 | 30.0V CT @ 0.08A | 15.0V @ 0.16A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 | 34.0V CT @ 0.076A| 17.0V @ 0.15A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5 
2.5 |40.0V CT @ 0.06A | 20.0V @ 0.12A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375 | 5 
2.5 |56.0V CT @ 0.045A) 28.0V @ 0.09A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 | 88.0V CT @ 0.028A| 44.0V @ 0.056A) 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 | 120.0V CT @ 0.02A| 60.0V @ 0.04A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 | 230.0V CT @ 0.01A) 115.0V @ 0.02A] 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
6.0 |10.0V CT @0.6A | 5.0V @1.2A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 
6.0 | 12.0V CT @ 0.475A| 6.3V @ 0.95A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 
6.0 | 16.0V CT @ 0.375A| 8.0V @ 0.75A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 


6.0 |20.0V CT @0.3A_ | 10.0V @0.6A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 


6.0 | 24.0V CT @ 0.25A | 12.0V @0.5A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 


FIGURE 2-88 


Typical pc-mounted power transformer and data. Volts are rms. 


The Filter Capacitor The capacitance of the filter capacitor must be sufficiently large to 
provide the specified ripple. 
6. Use Equation 2—11 to calculate the peak-to-peak ripple voltage, assuming 
Voc = 16V. 
7. Use Equation 2-12 to calculate the minimum capacitance value. Use R; = 640, 
calculated on page 89. 


Simulation 


In the development of a new circuit, it is sometimes helpful to simulate the circuit using a 
software program before actually building it and committing it to hardware. We will use 
Multisim to simulate this power supply circuit. Figure 2-89 shows the simulated power 
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(a) Multisim circuit screen 


= Simulated Tektronix Oscilloscope-XSC1 


‘Tektronix TDS 2024 GaieHotice oscuoscore | 308 


7 


Pa rn arene ee ae 


CH1 
“J Coupling 


Invert 
Ott 


(c) Ripple voltage is less than 300 mV pp (d) DC output voltage with filter capacitor 
(near top of screen) 


FIGURE 2-89 


Power supply simulation. 


FAR SAFETY NOTE 


Be very careful to not touch the 
line voltage connections to the 
transformer primary. In normal 
practice, the board is housed in 
a protective box to prevent the 
possibility of contact with the 
120 V ac line. 


Lab Experiment 


supply circuit with a load connected and scope displays of the output voltage with and 
without the filter capacitor connected. The filter capacitor value of 6800 jF is the next 
highest standard value closest to the minimum calculated value required. A load resistor 
value was chosen to draw a current equal to or greater than the specified maximum load 
current. 


16V 
= = 64 
1 250mA ea 


The closest standard value is 62 , which draws 258 mA at 16 V and which meets and 
exceeds the load current specification. 


8. Determine the power rating for the load resistor. 


To produce a dc output of 16 V, a peak secondary voltage of 16 V + 1.4 V = 17.4 Vis 
required. The rms secondary voltage must be 


Vinee = 0101 Vay — O10I6Y + 14Vy — 103 V 


A standard transformer rms output voltage is 12.6 V. The transformer specification 
required by Multisim is 


120 V:12.6 V = 9.52:1 


The de voltmeter in Figure 2—89(a) indicates an output voltage of 16.209 V, which is 
well within the 16 V410% requirement. In part (c), the scope is AC coupled and set 
at 100 mV/division. You can see that the peak-to-peak ripple voltage is less than 300 mV, 
which is less than 480 mV, corresponding to the specified maximum ripple factor 

of 3%. 


Build and simulate the circuit using your Multisim software. Observe the operation 
with the virtual oscilloscope and voltmeter. 


Prototyping and Testing 


Now that all the components have been selected, the prototype circuit is constructed and 
tested. After the circuit is successfully tested, it is ready to be finalized on a printed 
circuit board. 


To build and test a similar circuit, go to Experiment 2 in your lab manual 
(Laboratory Exercises for Electronic Devices by David Buchla and Steven 
Wetterling). 


The Printed Circuit Board 


The circuit board is shown in Figure 2—90. There are additional traces and connection 
points on the board for expansion to a regulated power supply, which will be done in 
Chapter 3. The circuit board is connected to the ac voltage and to a power load resistor 
via a cable. The power switch shown in the original schematic will be on the PC board 
housing and is not shown for the test setup. A DMM measurement of the output voltage 
indicates a correct value. Oscilloscope measurement of the ripple shows that it is within 
specifications. 
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Temporary 
jumper wire 


Rectifier 


A FIGURE 2-90 


Testing the power supply printed circuit board. The 62 © load is a temporary test load to check ripple 
when the power supply is used at its maximum rated current. 


Troubleshooting 


For each of the scope output voltage measurements in Figure 2-91, determine the likely 
fault or faults, if any. 


(b) (c) (d) 


4» FIGURE 2-91 


Output voltage measurements on the power supply circuit. 
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SUMMARY OF DIODE BIAS 


ITS MAJORITY-CARRIER CURRENT 


= Bias voltage connections: positive to anode (A); negative to cathode (K). 


= The bias voltage must be greater than the barrier potential. 
Rae = = Barrier potential: 0.7 V for silicon. 


= Majority carriers provide the forward current. 


= The depletion region narrows. 


MAJORITY-CARRIER CURRENT 


= Bias voltage connections: positive to cathode (K); negative to anode (A). 


= The bias voltage must be less than the breakdown voltage. 
= There is no majority carrier current after transition time. 


= Minority carriers provide a negligibly small reverse current. 


= The depletion region widens. 


Peak value of output: 
Vout) = Vo (sec) = OVW 


m Average value of output: 
Vi(out) 


NG a 
= Diode peak inverse voltage: 


PIV = Vi (sec) 


= Peak value of output: 


Voi(sec) 
Vv p(sec 


p(out) => om = Law 


m Average value of output: 


2V (out) 
7 


Vavc = 


= Diode peak inverse voltage: 


PIV = 2V (out) ar OLY 


Output voltage waveform 
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= Peak value of output: 
V (out) a Vi(sec) = 14V 


| | m Average value of output: 


+ 2V, 
p(out) 
Vous VaveG = = 


ay 


= = Diode peak inverse voltage: 


(VV V VV V \ PIV = Vy(our) + 0.7 V 


Output voltage waveform 


Section 2-1 ® There is current through a diode only when it is forward-biased. Ideally, there is no current 
when there is no bias nor when there is reverse bias. Actually, there is a very small current 
in reverse bias due to the thermally generated minority carriers, but this can usually be 
neglected. 


Sd 


Avalanche occurs in a reverse-biased diode if the bias voltage equals or exceeds the breakdown 
voltage. 

A diode conducts current when forward-biased and blocks current when reversed-biased. 
Reverse breakdown voltage for a diode is typically greater than 50 V. 

Section 2-2 The V-J characteristic curve shows the diode current as a function of voltage across the diode. 
The resistance of a forward-biased diode is called the dynamic or ac resistance. 

Reverse current increases rapidly at the reverse breakdown voltage. 


Reverse breakdown should be avoided in most diodes. 
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Section 2-3 The ideal model represents the diode as a closed switch in forward bias and as an open switch in 


reverse bias. 
® The practical model represents the diode as a switch in series with the barrier potential. 


® The complete model includes the dynamic forward resistance in series with the practical model 
in forward bias and the reverse resistance in parallel with the open switch in reverse bias. 


Section 2-4 ® A dc power supply typically consists of a transformer, a diode rectifier, a filter, and a regulator. 


® The single diode in a half-wave rectifier is forward-biased and conducts for 180° of the input 
cycle. 

The output frequency of a half-wave rectifier equals the input frequency. 

PIV (peak inverse voltage) is the maximum voltage appearing across the diode in reverse bias. 
Section 2-5 Each diode in a full-wave rectifier is forward-biased and conducts for 180° of the input cycle. 
The output frequency of a full-wave rectifier is twice the input frequency. 


The two basic types of full-wave rectifier are center-tapped and bridge. 
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The peak output voltage of a center-tapped full-wave rectifier is approximately one-half of the 

total peak secondary voltage less one diode drop. 

® The PIV for each diode in a center-tapped full-wave rectifier is twice the peak output voltage 
plus one diode drop. 

® The peak output voltage of a bridge rectifier equals the total peak secondary voltage less two 
diode drops. 

® The PIV for each diode in a bridge rectifier is approximately half that required for an equivalent 

center-tapped configuration and is equal to the peak output voltage plus one diode drop. 
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Section 2-6 


Section 2-7 


Section 2-8 


Section 2-9 


Section 2-10 
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A capacitor-input filter provides a de output approximately equal to the peak of its rectified 
input voltage. 


Ripple voltage is caused by the charging and discharging of the filter capacitor. 

The smaller the ripple voltage, the better the filter. 

Regulation of output voltage over a range of input voltages is called input or line regulation. 
Regulation of output voltage over a range of load currents is called load regulation. 

Diode limiters cut off voltage above or below specified levels. Limiters are also called clippers. 


Diode clampers add a dc level to an ac voltage. 
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Voltage multipliers are used in high-voltage, low-current applications such as for electron beam 
acceleration in CRTs and for particle accelerators. 


Sd 


A voltage multiplier uses a series of diode-capacitor stages. 


Sd 


Input voltage can be doubled, tripled, or quadrupled. 


¢ 


A datasheet provides key information about the parameters and characteristics of an electronic 
device. 


A diode should always be operated below the absolute maximum ratings specified on the datasheet. 
Many DMMs provide a diode test function. 

DMMs display the diode drop when the diode is operating properly in forward bias. 

Most DMMs indicate “OL” when the diode is open. 


Troubleshooting is the application of logical thought combined with a thorough knowledge of 
the circuit or system to identify and correct a malfunction. 
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Troubleshooting is a three-step process of analysis, planning, and measurement. 


Sd 


Fault analysis is the isolation of a fault to a particular circuit or portion of a circuit. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Bias The application of a dc voltage to a diode to make it either conduct or block current. 
Clamper A circuit that adds a dc level to an ac voltage using a diode and a capacitor. 


DC power supply A circuit that converts ac line voltage to de voltage and supplies constant power 
to operate a circuit or system. 


Diode A semiconductor device with a single pn junction that conducts current in only one direction. 


Filter In a power supply, the capacitor used to reduce the variation of the output voltage from a 
rectifier. 


Forward bias The condition in which a diode conducts current. 


Full-wave rectifier A circuit that converts an ac sinusoidal input voltage into a pulsating de voltage 
with two output pulses occurring for each input cycle. 


Half-wave rectifier A circuit that converts an ac sinusoidal input voltage into a pulsating dc voltage 
with one output pulse occurring for each input cycle. 


Limiter A diode circuit that clips off or removes part of a waveform above and/or below a specified 
level. 


Line regulation The change in output voltage of a regulator for a given change in input voltage, 
normally expressed as a percentage. 


Load regulation The change in output voltage of a regulator for a given range of load currents, 
normally expressed as a percentage. 


Peak inverse voltage (PIV) The maximum value of reverse voltage across a diode that occurs at 
the peak of the input cycle when the diode is reverse-biased. 


Rectifier An electronic circuit that converts ac into pulsating dc; one part of a power supply. 


Regulator An electronic device or circuit that maintains an essentially constant output voltage for 
a range of input voltage or load values; one part of a power supply. 


Reverse bias The condition in which a diode prevents current. 


Ripple voltage The small variation in the dc output voltage of a filtered rectifier caused by the 
charging and discharging of the filter capacitor. 
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KEY FORMULAS 


_TRUE/FALSE QUIZ 


Troubleshooting A systematic process of isolating, identifying, and correcting a fault in a circuit 


or system. 


V-I characteristic A curve showing the relationship of diode voltage and current. 


Veras ; 
2-1 ly = Forward current, ideal diode model 
Rumair 
V, Vy 
2-2 Ip = — F Forward current, practical diode model 
Rumir 
Vp 
2-3 Vave = = Half-wave average value 
2-4 Vyvout) = Vpn) — 9.7 V Peak half-wave rectifier output (silicon) 
2-5 PIV = Vpn) Peak inverse voltage, half-wave rectifier 
2V, 
2-6 Vave = — Full-wave average value 
7 
_ Vsec 
2-7 Vout = _ 0.7 V Center-tapped full-wave output 
2-8 PIV = 2V (our) + 0.7V Peak inverse voltage, center-tapped rectifier 
2-9 Vi(out) = Vpisecy) — 1.4V Bridge full-wave output 
2-10 PIV = Vpcout) + 0.7 V Peak inverse voltage, bridge rectifier 
Vi(pp) 
2-11 r= Ripple factor 
Voc 
2-12 V,-(pp) = (ea) Yorn Peak-to-peak ripple voltage, capacitor-input filter 
1 
2-13 Vpc = | 1 - = IV, DC output voltage, capacitor-input filter 
DC ( — p(rect) Pp’ g ip Pp 
AV, 
2-14 Line regulation = (At) 100% 
VIN 
Vut — V, 
2-15 Load regulation = eee 100% 
Vei 


Answers can be found at www.pearsonhighered.com/floyd. 


= 


. The two regions of a diode are the anode and the collector. 

. A diode can conduct current in two directions with equal ease. 

. A diode conducts current when forward-biased. 

. When reverse-biased, a diode ideally appears as a short. 

. Two types of current in a diode are electron and hole. 

. A basic half-wave rectifier consists of one diode. 

. The output frequency of a half-wave rectifier is twice the input frequency. 


. The diode in a half-wave rectifier conducts for half the input cycle. 


Se mPAnNntnAn Bw NY 


. PIV stands for positive inverse voltage. 


—_ 
—J 


. Each diode in a full-wave rectifier conducts for the entire input cycle. 


= 
—_ 


. The output frequency of a full-wave rectifier is twice the input frequency. 


— 
n 


. A bridge rectifier uses four diodes. 


— 
imo) 


. Ina bridge rectifier, two diodes conduct during each half cycle of the input. 


— 
= 


. The purpose of the capacitor filter in a rectifier is to convert ac to de. 


—_ 
on 


. The output voltage of a filtered rectifier always has some ripple voltage. 


16. 
17. 
18. 
19. 
20. 
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A smaller filter capacitor reduces the ripple. 

Line and load regulation are the same. 

A diode limiter is also known as a clipper. 

The purpose of a clamper is to remove a dc level from a waveform. 


Voltage multipliers use diodes and capacitors. 


ial RCUIT-ACTION QUIZ Answers can be found at www.pearsonhighered.com/floyd. 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


When a diode is forward-biased and the bias voltage is increased, the forward current will 
(a) increase (b) decrease (c) not change 


When a diode is forward-biased and the bias voltage is increased, the voltage across the diode 
(assuming the practical model) will 


(a) increase (b) decrease (c) not change 


When a diode is reverse-biased and the bias voltage is increased, the reverse current (assuming 
the practical model) will 


(a) increase (b) decrease (c) not change 


When a diode is reverse-biased and the bias voltage is increased, the reverse current (assuming 
the complete model) will 


(a) increase (b) decrease (c) not change 


When a diode is forward-biased and the bias voltage is increased, the voltage across the diode 
(assuming the complete model) will 


(a) increase (b) decrease (c) not change 

If the forward current in a diode is increased, the diode voltage (assuming the practical model) will 
(a) increase (b) decrease (c) not change 

If the forward current in a diode is decreased, the diode voltage (assuming the complete model) will 
(a) increase (b) decrease (c) not change 

If the barrier potential of a diode is exceeded, the forward current will 

(a) increase (b) decrease (c) not change 

If the input voltage in Figure 2—28 is increased, the peak inverse voltage across the diode will 
(a) increase (b) decrease (c) not change 


If the turns ratio of the transformer in Figure 2—28 is decreased, the forward current through the 
diode will 


(a) increase (b) decrease (c) not change 

If the frequency of the input voltage in Figure 2—36 is increased, the output voltage will 

(a) increase (b) decrease (c) not change 

If the PIV rating of the diodes in Figure 2—36 is increased, the current through R;, will 

(a) increase (b) decrease (c) not change 

If one of the diodes in Figure 2—41 opens, the average voltage to the load will 

(a) increase (b) decrease (c) not change 

If the value of R; in Figure 2—41 is decreased, the current through each diode will 

(a) increase (b) decrease (c) not change 

If the capacitor value in Figure 2—48 is decreased, the output ripple voltage will 

(a) increase (b) decrease (c) not change 

If the line voltage in Figure 2-51 is increased, ideally the +5 V output will 

(a) increase (b) decrease (c) not change 

If the bias voltage in Figure 2-55 is decreased, the positive portion of the output voltage will 
(a) increase (b) decrease (c) not change 

If the bias voltage in Figure 2-55 is increased, the negative portion of the output voltage will 


(a) increase (b) decrease (c) not change 
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19. If the value of R3 in Figure 2-61 is decreased, the positive output voltage will 
(a) increase (b) decrease (c) not change 
20. If the input voltage in Figure 2—65 is increased, the peak negative value of the output voltage will 


(a) increase (b) decrease (c) not change 


SELF-TEST Answers can be found at www.pearsonhighered.com/floyd. 


Section 2-1 1. The term bias means 
(a) the ratio of majority carriers to minority carriers 
(b) the amount of current across a diode 
(c) adc voltage is applied to control the operation of a device 
(d) neither (a), (b), nor (c) 
2. To forward-bias a diode, 
(a) an external voltage is applied that is positive at the anode and negative at the cathode 
(b) an external voltage is applied that is negative at the anode and positive at the cathode 
(c) an external voltage is applied that is positive at the p region and negative at the n region 
(d) answers (a) and (c) 
3. When a diode is forward-biased, 
(a) the only current is hole current 
(b) the only current is electron current 
(c) the only current is produced by majority carriers 
(d) the current is produced by both holes and electrons 
4. Although current is blocked in reverse bias, 
(a) there is some current due to majority carriers 
(b) there is a very small current due to minority carriers 
(c) there is an avalanche current 
5. Fora silicon diode, the value of the forward-bias voltage typically 
(a) must be greater than 0.3 V 
(b) must be greater than 0.7 V 
(c) depends on the width of the depletion region 
(d) depends on the concentration of majority carriers 
6. When forward-biased, a diode 
(a) blocks current (b) conducts current 
(c) has a high resistance (d) drops a large voltage 
Section 2-2 7. A diode is normally operated in 
(a) reverse breakdown (b) the forward-bias region 
(c) the reverse-bias region (d) either (b) or (c) 
8. The dynamic resistance can be important when a diode is 
(a) reverse-biased (b) forward-biased 
(c) in reverse breakdown (d) unbiased 
9. The V-J curve for a diode shows 
(a) the voltage across the diode for a given current 
(b) the amount of current for a given bias voltage 
(c) the power dissipation 
(d) none of these 
Section 2-3 10. Ideally, a diode can be represented by a 


(a) voltage source (b) resistance (c) switch (d) all of these 


Section 2—4 


Section 2-5 


Section 2-6 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 
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In the practical diode model, 

(a) the barrier potential is taken into account 

(b) the forward dynamic resistance is taken into account 
(c) none of these 

(d) both (a) and (b) 

In the complete diode model, 

(a) the barrier potential is taken into account 

(b) the forward dynamic resistance is taken into account 
(c) the reverse resistance is taken into account 

(d) all of these 

The average value of a half-wave rectified voltage with a peak value of 200 V is 
(a) 63.7 V (b) 127.2 V (c) 141 V (d) OV 


When a 60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier, the output fre- 
quency is 


(a) 120 Hz (b) 30 Hz (c) 60 Hz (d) 0 Hz 


The peak value of the input to a half-wave rectifier is 10 V. The approximate peak value of the 
output is 


(a) 10V (b) 3.18 V (c) 10.7 V (d) 9.3 V 

For the circuit in Question 15, the diode must be able to withstand a reverse voltage of 

(a) 10V (b) 5 V (c) 20 V (d) 3.18 V 

The average value of a full-wave rectified voltage with a peak value of 75 V is 

(a) 53 V (b) 47.8 V (c) 37.5 V (d) 23.9 V 

When a 60 Hz sinusoidal voltage is applied to the input of a full-wave rectifier, the output fre- 
quency is 

(a) 120 Hz (b) 60 Hz (c) 240 Hz (d) 0 Hz 


The total secondary voltage in a center-tapped full-wave rectifier is 125 V rms. Neglecting the 
diode drop, the rms output voltage is 


(a) 125 V (b) 177 V (c) 100 V (d) 62.5 V 


When the peak output voltage is 100 V, the PIV for each diode in a center-tapped full-wave 
rectifier is (neglecting the diode drop) 


(a) 100 V (b) 200 V (c) 141 V (d) 50 V 


When the rms output voltage of a bridge full-wave rectifier is 20 V, the peak inverse voltage 
across the diodes is (neglecting the diode drop) 


(a) 20 V (b) 40 V (c) 28.3 V (d) 56.6 V 

The ideal de output voltage of a capacitor-input filter is equal to 
(a) the peak value of the rectified voltage 

(b) the average value of the rectified voltage 

(c) the rms value of the rectified voltage 


A certain power-supply filter produces an output with a ripple of 100 mV peak-to-peak and a 
dc value of 20 V. The ripple factor is 


(a) 0.05 (b) 0.005 (c) 0.00005 (d) 0.02 


A 60 V peak full-wave rectified voltage is applied to a capacitor-input filter. If f= 120 Hz, 
R,=10kQ, and C= 10 wR, the ripple voltage is 


(a) 0.6 V (b) 6mV (c) 5.0 V (d) 2.88 V 

If the load resistance of a capacitor-filtered full-wave rectifier is reduced, the ripple voltage 
(a) increases (b) decreases (c) is not affected (d) has a different frequency 
Line regulation is determined by 

(a) load current 


(b) zener current and load current 
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‘PROBLEMS 


Section 2-7 


Section 2-8 


Section 2-10 


Section 2-1 


Section 2—2 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


(c) changes in load resistance and output voltage 
(d) changes in output voltage and input voltage 
Load regulation is determined by 

(a) changes in load current and input voltage 

(b) changes in load current and output voltage 
(c) changes in load resistance and input voltage 
(d) changes in zener current and load current 


A 10 V peak-to-peak sinusoidal voltage is applied across a silicon diode and series resistor. 
The maximum voltage across the diode is 


(a) 9.3.V (b) 5V (c) 0.7 V (d) 10 V (e) 4.3 V 


In a certain biased limiter, the bias voltage is 5 V and the input is a 10 V peak sine wave. If the 
positive terminal of the bias voltage is connected to the cathode of the diode, the maximum 
voltage at the anode is 


(a) 10 V (b) 5 V (c) 5.7V (d) 0.7 V 


In a certain positive clamper circuit, a 120 V rms sine wave is applied to the input. The de 
value of the output is 


(a) 119.3. V (b) 169 V (c) 60 V (d) 75.6 V 
The input of a voltage doubler is 120 V rms. The peak-to-peak output is approximately 
(a) 240 V (b) 60 V (c) 167 V (d) 339 V 


If the input voltage to a voltage tripler has an rms value of 12 V, the dc output voltage is 
approximately 


(a) 36 V (b) 50.9 V (c) 33.9 V (d) 32.4V 


When a silicon diode is working properly in forward bias, a DMM in the diode test position 
will indicate 


(a) OV (b) OL (c) approximately 0.7 V (d) approximately 0.3 V 
When a silicon diode is open, a DMM will generally indicate 

(a) OV (b) OL (c) approximately 0.7 V (d) approximately 0.3 V 

In a rectifier circuit, if the secondary winding in the transformer opens, the output is 
(a) OV (b) 120 V (c) less than it should be (d) unaffected 

If one of the diodes in a bridge full-wave rectifier opens, the output is 

(a) OV (b) one-fourth the amplitude of the input voltage 
(c) a half-wave rectified voltage (d) a 120 Hz voltage 


If you are checking a 60 Hz full-wave bridge rectifier and observe that the output has a 60 Hz 
ripple, 
(a) the circuit is working properly (b) there is an open diode 


(c) the transformer secondary is shorted (d) the filter capacitor is leaky 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Diode Operation 


1. 


2 


To forward-bias a diode, to which region must the positive terminal of a voltage source be 
connected? 


Explain why a series resistor is necessary when a diode is forward-biased. 


Voltage-Current Characteristic of a Diode 


3. 
4. 


Explain how to generate the forward-bias portion of the characteristic curve. 


What would cause the barrier potential of a silicon diode to decrease from 0.7 V to 0.6 V? 


Section 2-3 


p> FIGURE 2-92 


Multisim file circuits are identified 
with a logo and are in the Problems 
folder on the companion website. 
Filenames correspond to figure 


numbers (e.g., F02-92). 


Section 2—4 


> FIGURE 2-93 


> FIGURE 2-94 


PROBLEMS @ 99 


Diode Models 


5. Determine whether each silicon diode in Figure 2—92 is forward-biased or reverse-biased. 
6. Determine the voltage across each diode in Figure 2—92, assuming the practical model. 
7. Determine the voltage across each diode in Figure 2-92, assuming an ideal diode. 


8. Determine the voltage across each diode in Figure 2—92, using the complete diode model with 
ry = 100 andrp = 100MQ. 


100 V 
Wy IF 
: 109 
Ae os 5600 
{-—— 
(a) (b) 
10k 10k 
AW AW AW 
+ 1.0kO 1.5kO 47kO + = 
i ——s =v — hy 
ro = + 
4.7kO 
(c) (d) 


Half-Wave Rectifiers 


9. Draw the output voltage waveform for each circuit in Figure 2-93 and include the voltage values. 


+5 V +50 V 
V; R V;, R 
a 0 47 OQ Vout _ 0 3.3 kQO Vous 
-5 V -50 V 


(a) (b) 


10. What is the peak inverse voltage across each diode in Figure 2-93? 
11. Calculate the average value of a half-wave rectified voltage with a peak value of 200 V. 
12. What is the peak forward current through each diode in Figure 2-93? 


13. A power-supply transformer has a turns ratio of 5:1. What is the secondary voltage if the pri- 
mary is connected to a 120 V rms source? 


14. Determine the peak and average power delivered to R; in Figure 2-94. 


R 
120 V L 
0 V rms | | 700 
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Section 2-5 _‘Full-Wave Rectifiers 


15. Find the average value of each voltage in Figure 2-95. 


SV FR 100V > 
OV > OV 
(a) (b) 
A A 
20 V +25V > 7 
OV 
10 V -I5V 
0V>————_— v 


(c) 


(d) 


A FIGURE 2-95 


16. Consider the circuit in Figure 2-96. 


(a) What type of circuit is this? 
(b) What is the total peak secondary voltage? 


(c) Find the peak voltage across each half of the secondary. 


(d) Sketch the voltage waveform across R,. 
(e) What is the peak current through each diode? 
(f) What is the PIV for each diode? 


» FIGURE 2-96 V9 4:1 
| ee 


17. 


18. 


19. 


20. 


21. 


120 V rms | | 


S 


Vo 


1.0kO 


Calculate the peak voltage across each half of a center-tapped transformer used in a full-wave 


rectifier that has an average output voltage of 120 V. 


Show how to connect the diodes in a center-tapped rectifier in order to produce a negative-going 


full-wave voltage across the load resistor. 


What PIV rating is required for the diodes in a bridge rectifier that produces an average output 


voltage of 50 V? 


The rms output voltage of a bridge rectifier is 20 V. What is the peak inverse voltage across the 


diodes? 


Draw the output voltage waveform for the bridge rectifier in Figure 2-97. Notice that all the 


diodes are reversed from circuits shown earlier in the chapter. 


> FIGURE 2-97 


> FIGURE 2-98 


Section 2-6 


> FIGURE 2-99 


Section 2-7 
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Power Supply Filters and Regulators 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


120 V rms 


A certain rectifier filter produces a de output voltage of 75 V with a peak-to-peak ripple volt- 
age of 0.5 V. Calculate the ripple factor. 


A certain full-wave rectifier has a peak output voltage of 30 V. A 50 wF capacitor-input filter is 
connected to the rectifier. Calculate the peak-to-peak ripple and the dc output voltage devel- 
oped across a 600 Q. load resistance. 


What is the percentage of ripple for the rectifier filter in Problem 23? 


What value of filter capacitor is required to produce a 1% ripple factor for a full-wave rectifier 
having a load resistance of 1.5 kQ? Assume the rectifier produces a peak output of 18 V. 


A full-wave rectifier produces an 80 V peak rectified voltage from a 60 Hz ac source. If a 
10 uF filter capacitor is used, determine the ripple factor for a load resistance of 10kQ. 


Determine the peak-to-peak ripple and dc output voltages in Figure 2-98. The transformer has 
a 36 V rms secondary voltage rating, and the line voltage has a frequency of 60 Hz. 


Refer to Figure 2—98 and draw the following voltage waveforms in relationship to the input 
waveforms: Vp, Vap, and Vop. A double letter subscript indicates a voltage from one point to 
another. 


If the no-load output voltage of a regulator is 15.5 V and the full-load output is 14.9 V, what is 
the percent load regulation? 


Assume a regulator has a percent load regulation of 0.5%. What is the output voltage at full- 
load if the unloaded output is 12.0 V? 


A 


Diode Limiters and Clampers 


31. Determine the output waveform for the circuit of Figure 2-99. 
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32. Determine the output voltage for the circuit in Figure 2—100(a) for each input voltage in (b), 


(c), and (d). 

Vin Vin Vin 
Ry r r A 

° AMA, ) 425V bE +12V 45V bE 

4.7kQ 
Vij R, Voie 0 t 0 t 0 t 
4.7kQ 

° O 25 V -12V- 5 VF 

= v y y 


(a) (b) (c) (d) 


A FIGURE 2-100 


33. Determine the output voltage waveform for each circuit in Figure 2-101. 


oI 
+10V +10V +10V 3V 
Vin OV As 10k0= v,, Vin OV As 10k9= v,, Vn OV As 10kA v,,, 
-10V -10V -10V 


(a) (b) (c) 


+7 - — yyt — yyt 
o—I| —> 0 ol i ° o—|l > ° 
+10V 3V +10V 3V +10 V 3V 
Vn OV oS 10kNS v,, Vin OV oe 10kO= v,, Vin OV os 10kN= v,, 
-10V -10V -10V 
° o) ° ro) ° ro) 
(d) (e) (f) 
A FIGURE 2-101 
34. Determine the R,; voltage waveform for each circuit in Figure 2-102. 
R, Ry 
° oO o—\W oO 
+5V 10k0 +10V 56 0 +200 V 
R R 
Vin OV 1.0 7 Ve OV + 10 i Vig OV 
a 200 V 
O 


-3'V -10V 
° O ° + 


(a) (b) (c) 


A FIGURE 2-102 


35. Draw the output voltage waveform for each circuit in Figure 2-103. 


36. Determine the peak forward current through each diode in Figure 2-103. 


> FIGURE 2-103 


> FIGURE 2-104 


> FIGURE 2-105 


(a) 


37. 
38. 


(a) 


V. 


in 


(c) 


39. 


40. 


(a) 
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(b) 


Determine the peak forward current through each diode in Figure 2-104. 


Determine the output voltage waveform for each circuit in Figure 2-104. 


oO O 
2.2k0 
+30 V 
0 V as = Vag 
12V= 
-30V - 
° ce) 


Ve 
(b) 
° O 
2.2k0, 
+30 V 
Vi OV As - Vout 
apy 12 v = 
° O 


(d) 


Describe the output waveform of each circuit in Figure 2-105. Assume the RC time constant is 


much greater than the period of the input. 


Repeat Problem 39 with the diodes turned around. 


+4V 
0 awa Ro Veg 
-4V 


° O 
C 
o— o 
+8 V 
0 R View 
-8V 


+15 V 
Vin 0) awn R Vout 
-15V 


9° 
ie) 


° 
aaa 
oe) 
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Section 2-8 


Section 2-9 


Section 2-10 


» FIGURE 2-106 


Voltage Multipliers 


41. A certain voltage doubler has 20 V rms on its input. What is the output voltage? Draw the cir- 
cuit, indicating the output terminals and PIV rating for the diode. 


42. Repeat Problem 41 for a voltage tripler and quadrupler. 


The Diode Datasheet 


43. From the datasheet in Figure 2-71, determine how much peak inverse voltage that a 1N4002 
diode can withstand. 


44. Repeat Problem 43 for a 1N4007. 


45. If the peak output voltage of a bridge full-wave rectifier is 50 V, determine the minimum value 
of the load resistance that can be used when 1N4002 diodes are used. 


Troubleshooting 


46. Consider the meter indications in each circuit of Figure 2-106, and determine whether the 
diode is functioning properly, or whether it is open or shorted. Assume the ideal model. 


68 O 


(a) (b) 


+ 


ae 


(c) (d) 


47. Determine the voltage with respect to ground at each point in Figure 2-107. Assume the practi- 
cal model. 


48. If one of the diodes in a bridge rectifier opens, what happens to the output? 


> FIGURE 2-107 D, a D, 
A >| Bean Cc >| D 
1.0kO 
+ + 
Vs) “== = Vs2 


le 


> FIGURE 2-110 
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49. From the meter readings in Figure 2-108, determine if the rectifier is functioning properly. If it 
is not, determine the most likely failure(s). 


120 V rms 


10kQ = DMM3 


ii 
“ 100 wF R, 


it A FIGURE 2-108 


50. Each part of Figure 2-109 shows oscilloscope displays of various rectifier output voltages. In 
each case, determine whether or not the rectifier is functioning properly and if it is not, deter- 
mine the most likely failure(s). 


(a) Output of a half-wave _(b) Output of a full-wave —_(c) Output of a full-wave = (d) Output of same full- 
unfiltered rectifier unfiltered rectifier filter wave filter as part (c) 


A FIGURE 2-109 


51. Based on the values given, would you expect the circuit in Figure 2-110 to fail? If so, why? 


D, 
5:1 
lt) 
AS ete 
120 V rms | | 

Ry, 
3300, 

Dy 


VerM =50V 
Io = 100 mA 


APPLICATION ACTIVITY PROBLEMS 


52. Determine the most likely failure(s) in the circuit of Figure 2-111 for each of the following 
symptoms. State the corrective action you would take in each case. The transformer has a rated 
output of 10 V rms. 


(a) No voltage from test point | to test point 2 

(b) No voltage from test point 3 to test point 4 

(c) 8 V rms from test point 3 to test point 4 

(d) Excessive 120 Hz ripple voltage at test point 6 
(e) There is a 60 Hz ripple voltage at test point 6 
(f) No voltage at test point 6 
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> FIGURE 2-112 


A FIGURE 2-111 


53. 


54. 


In testing the power supply circuit in Figure 2-111 with a 10k load resistor connected, 
you find the voltage at the positive side of the filter capacitor to have a 60 Hz ripple voltage. 
You replace the bridge rectifier and check the point again but it still has the 60 Hz ripple. 
What now? 


Suppose the bridge rectifier in Figure 2-111 is connected backwards such that the transformer 
secondary is now connected to the output pins instead of the input pins. What will be observed 
at test point 6? 


ADVANCED PROBLEMS 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


A full-wave rectifier with a capacitor-input filter provides a dc output voltage of 35 V toa 
3.3 kO load. Determine the minimum value of filter capacitor if the maximum peak-to-peak 
ripple voltage is to be 0.5 V. 


A certain unfiltered full-wave rectifier with 120 V, 60 Hz input produces an output with a peak 
of 15 V. When a capacitor-input filter and a 1.0 k© load are connected, the de output voltage is 
14 V. What is the peak-to-peak ripple voltage? 


For a certain full-wave rectifier, the measured surge current in the capacitor filter is 50 A. The 
transformer is rated for a secondary voltage of 24 V with a 120 V, 60 Hz input. Determine the 
value of the surge resistor in this circuit. 


Design a full-wave rectifier using an 18 V center-tapped transformer. The output ripple is not 


to exceed 5% of the output voltage with a load resistance of 680 ©.. Specify the Jp(4y) and PIV 
ratings of the diodes and select an appropriate diode from the datasheet in Figure 2—71. 


Design a filtered power supply that can produce dc output voltages of +9 V + 10% and 
—9V + 10% with a maximum load current of 100 mA. The voltages are to be switch selec- 
table across one set of output terminals. The ripple voltage must not exceed 0.25 V rms. 


Design a circuit to limit a 20 V rms sinusoidal voltage to a maximum positive amplitude of 
10 V and a maximum negative amplitude of —5 V using a single 14 V dc voltage source. 


Determine the voltage across each capacitor in the circuit of Figure 2-112. 


Cc; 
1 
1uF 
Hu D, 
60 Hz | A> C 
2 
1 uF 
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MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the companion website. 
62. Open file TSP02-62 and determine the fault. 


63. Open file TSP02-63 and determine the fault. 
64. Open file TSP02-64 and determine the fault. 
65. Open file TSP02-65 and determine the fault. 
66. Open file TSP02-66 and determine the fault. 
67. Open file TSP02-67 and determine the fault. 
68. Open file TSP02-68 and determine the fault. 
69. Open file TSP02-69 and determine the fault. 
70. Open file TSP02-70 and determine the fault. 
71. Open file TSP02-71 and determine the fault. 
72. Open file TSP02-72 and determine the fault. 
73. Open file TSP02-73 and determine the fault. 
74. Open file TSP02-74 and determine the fault. 
75. Open file TSP02-75 and determine the fault. 
76. Open file TSP02-76 and determine the fault. 
77. Open file TSP02-77 and determine the fault. 
78. Open file TSP02-78 and determine the fault. 
79. Open file TSP02-79 and determine the fault. 
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GreenTech Application 2: Solar Power 


In GreenTech Application 1, the photovoltaic cell and a basic solar power system were 
introduced. The block diagram is shown again in Figure GA2—1. You learned that the 
basic components of a solar-powered system were the solar panel, the charge controller, 
the batteries, and the inverter. Now we will continue the solar power coverage by focus- 
ing on the charge controller and batteries. 


» Charge 5 | 
g Batteries _—_ Inverter To ac load 
controller 


"— Selarpenel. panel 


<@ FIGURE GA2-1 


The Batteries 


Deep-cycle (deep discharge) sealed lead-acid batteries are the most common batteries in 
solar power systems because their initial cost is lower and they are readily available. 
Unlike automobile batteries, which are shallow-cycle, deep-cycle batteries can be repeat- 
edly discharged by as much as 80 percent of their capacity, although they will have a 
longer life if the cycles are shallower. 


Deep-cycle batteries are required in solar power systems simply because the sunlight is 
not at its maximum all of the time—it is an intermittent energy source. When the light 
intensity from the sun decreases because of clouds or goes away entirely at night, the out- 
put from a solar panel drops drastically or goes to zero. During the periods of low light or 
no light, the batteries will discharge significantly when a load is connected. Typically, the 
voltage output of a solar panel must be at least 13.6 V to charge a 12 V battery. Solar pan- 
els are usually rated at voltages higher than the nominal output. For example, most 12 V 
solar panels produce 16 V to 20 V at optimal light conditions. The higher voltage outputs 
are necessary so that the solar panel will still produce a sufficient charging voltage during 
some nonoptimal conditions. 

Battery Connections Batteries can be connected in series to increase the output voltage 
and in parallel to increase the ampere-hour capacity, as illustrated in Figure GA2—2 for any 
number of batteries. Several series connections of batteries can be connected in parallel to 
achieve both an increase in amp-hrs and output voltage. For example, assume a system uses 
12 V, 200 Ah batteries. If the system requires 12 V and 600 Ah, three parallel-connected 
batteries are used. If the system requires 24 V and 200 Ah, two series-connected batteries are 
used. If 24 V and 600 Ah are needed, three pairs of series batteries are connected in parallel. 
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(a) Series batteries 
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(b) Parallel batteries 


» FIGURE GA2-4 


Basic concept of the on/off charge 
controller. 
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The Charge Controller 


A solar charge controller is needed in solar power systems that use batteries to store the 
energy, with the exception of very low-power systems. The solar charge controller regu- 
lates the power from the solar panels primarily to prevent overcharging the batteries. 
Overcharging batteries reduce battery life and may damage the batteries. 


Generally, there is no need for a charge controller with trickle-charge solar panels, such as 
those that produce five watts or less. A good rule-of-thumb is that if the solar panel produces 
about two watts or less for each 50 battery amp-hrs (Ah), then you don’t need one. A 
charge controller is required if the solar panel produces more than two watts for each 50 Ah 
of battery rating. For example, a 12 V battery rated at 120 Ah will not require a charge 
controller, as the following calculation shows, because the solar power is less than 5 W. 


( SRSoueS a) W = Solar panel power 
50 Ah 
( wap W = (2.4)2W = 4.8 W 
50 Ah 


In this case, the charging circuit is shown in Figure GA2-3. The diode prevents the bat- 
tery from discharging back through the solar panel when the panel voltage drops below 
the battery voltage. For example, when the solar panel is producing 16 V, the diode is 
forward-biased and the battery is charging. When the battery voltage is 12 V and the 
panel output drops to less than 12.7 V, the diode is reverse-biased and the battery cannot 
discharge back through the solar cells. 


» FIGURE GA2-3 


Solar panel Battery 
Simple trickle charging in a small 


solar system (less than 5 W). 


For solar systems of more than about 5 W, a charge controller is necessary. Basically, 
charge controllers regulate the 16—20 V output of the typical 12 V solar panel down to 
what the battery needs depending on the amount of battery charge, the type of battery, 
and the temperature. Solar panels produce more voltage at cooler temperatures. 


Types of Charge Controllers Three basic types of charge controllers are on/off, PWM, 
and MPPT. The most basic controller is the on/off type, which simply monitors the battery 
voltage and stops the charging when the battery voltage reaches a specified level in order to 
prevent overcharging. It then restarts the charging once the battery voltage drops below a pre- 
determined value. Figure GA2—4 shows the basic concept. The switch shown represents a 
transistor that is turned on and off. (You will study transistors beginning in Chapter 4.) The 
voltage of the battery is fed back to the control circuit. When the voltage is below a set low 
value, the control circuit turns the switch on to charge the battery. When the battery charges 
to a set high value, the control circuit turns the switch off. The diode prevents discharge back 
through the control circuit when the output of the panel is lower than the battery. 


From solar panel © ff ° | © To battery terminal 


Control circuit 


PWM (pulse width modulation) charge controllers gradually reduce the amount of power 
applied to the batteries as the batteries get closer to full charge. This type of controller 
allows the batteries to be more fully charged with less stress on the batteries. This extends 
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the life of the batteries and constantly maintains the batteries in a fully charged state 
(called “float’) during sunlight hours. The PWM controller produces a series of pulses to 
charge the batteries instead of a constant charge. The battery voltage is constantly moni- 
tored to determine how to adjust the frequency of the pulses and the pulse widths. When 
the batteries are fully charged and there is no load to drain them, the controller produces 
very short pulses at a low rate or no pulses at all. When the batteries are discharged, long 
pulses at a high rate are sent or the controller may go into a constant-charging mode, de- 
pending on the amount of discharge. 


Figure GA2-5 shows the basic concept of a PWM charge controller. In part (a), the PWM 
and control circuit produces pulses based on the input from the sampling circuit. The 
sampling circuit determines the actual battery voltage by sampling the voltage between 
pulses. The diode acts as a rectifier and also blocks discharge of the battery back through 
the charger at night. Part (b) demonstrates how the battery charges during each pulse and 
how the width and the time between pulses change as the battery charges. 
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(a) Block diagram 
Voltage 
PWM voltage Battery voltage 
Full charge 
> 
Time 
(b) Waveforms 


As you have learned, the output voltage of a solar panel varies greatly with the amount of 
sunlight and with the air temperature. For this reason, solar panels with voltage ratings 
higher than the battery voltage must be used in order to provide sufficient charging volt- 
age to the battery under less than optimum conditions. As mentioned earlier, a 12 V solar 
panel may produce 20 V under optimum conditions but can produce only a certain 
amount of current. For example, if a solar panel can produce 8 A at 20 V, it is rated at 
160 W. Batteries like to be charged at a voltage a little higher than their rated voltage. Ifa 
12 V battery is being charged at 14 V, and it is drawing the maximum 8 A from the solar 
panel, the power delivered to the battery is 8 A X 14 V = 112 W instead of the 160 W 
produced by the solar panel at 20 V. The batteries only stored 70% of the available energy 
because the 12 V battery cannot operate at 20 V. 


MPPT (maximum power point tracker) charge controllers eliminate much of the energy 
loss found in the other types of controllers and produce much higher efficiencies. The 
MPPT continuously tracks the input voltage and current from the solar panel to determine 
when the peak input power occurs and then adjusts the voltage to the battery to optimize 
the charging. This results in a maximum power transfer from the solar panel to the bat- 
tery. In Figure GA2-6, the blue curve is the voltage-current characteristic for a certain 
solar panel under a specified condition of incident light. The green curve is the power 
showing where the peak occurs, which is in the knee of the V-J curve. If the incident light 
decreases, the curves will shift down. 
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Basic concept of a PWM charge 
controller. 
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» FIGURE GA2-6 


Example of a solar panel V-] and r 
power curves. 
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The MPPT is basically a DC-to-DC converter. A simplified block diagram showing the 
basic functional concept is shown in Figure GA2-7. Although there are several ways in 
which the MPPT can be implemented, the figure illustrates the basic functions. The 
DC/AC converter, the transformer, and the AC/DC converter isolate the dc input from the 
dc output, so the output can be adjusted for maximum power. For example, if a 160 W 
solar panel produces 20 V at 8 A, it needs to be reduced to approximately 13.6 V to 
charge a 12 V battery. A normal charger will not be able to provide more than 8 A at 
13.6 V (or 109 W), which means the panel is not being used efficiently and only 76% of 
the available power from the solar panel is used. An MPPT charge controller can supply 
about 11 A at 13.6 V (150 W), thus decreasing the charging time and producing a better 
match between the panel and the battery. In this case, the panel is being used more effi- 
ciently because it is able to deliver about 94% of the available power to the battery. 


ed 
MPPT DC-to-AC nehurnies AC-to-DC VIL |, To 
converter converter regulator batteries 


A FIGURE GA2-7 


Basic concept of an MPPT charge controller. 


QUESTIONS 


Some questions may require research beyond the content of this coverage. Answers can 
be found at www.pearsonhighered.com/floyd. 
1. Why must deep-cycle batteries be used in solar power systems? 
2. Why should a 12 V battery be charged at a higher than its rated voltage? 
3. Which type of charge controller is the most efficient? 
4. What range in terms of power is commercially available in charge controllers? 
5. Two 12 V, 250 Ah batteries are connected in series and then connected in parallel 
with two more series-connected batteries of the same type. What is the total out- 
put voltage and Ah rating of the battery array? 


The following websites are recommended for viewing charge controllers in action. Many 
other websites are also available. 

http://www.youtube.com/watch?v=iifz1DxeaDQ 
http://www.youtube.com/watch?v=P2XSbDRi6wo 
http://www.youtube.com/watch?v=ITDh4aK Xd80&feature=related 
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‘CHAPTER OBJECTIVES — 
Describe the characteristics ne a zener diode and Tee 
its operation 
Apply a zener diode in voltage regulation 


Describe the varactor diode characteristic and analyze its 
operation 


Discuss the characteristics, operation, and applications of 
LEDs, quantum dots, and photodiodes 


Discuss the basic characteristics of several types of diodes 
Troubleshoot zener diode regulators 


KEY TERMS 


* Zener diode 
® Zener breakdown 


@ Electroluminescence 
@ Pixel 

¢ Photodiode 

@ Laser 


® Varactor 
© Light-emitting diode (LED) 
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Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


| INTRODUCTION 


Chapter 2 was devoted to general-purpose and rectifier 
diodes, which are the most widely used types. In this chapter, 
we will cover several other types of diodes that are designed 
for specific applications, including the zener, varactor (variable- 
capacitance), light-emitting, photo, laser, Schottky, tunnel, 
pin, step-recovery, and current regulator diodes. 


APPLICATION ACTIVITY PREVIEW 


The Application Activity in this chapter is the expansion of 
the 16 V power supply developed in Chapter 2 into a 12 V 
regulated power supply with an LED power-on indicator. The 
new circuit will incorporate a voltage regulator IC, which is 
introduced in this chapter. 
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3-1 THE ZENER DIODE 


A major application for zener diodes is as a type of voltage regulator for providing 
stable reference voltages for use in power supplies, voltmeters, and other instruments. 
In this section, you will see how the zener diode maintains a nearly constant dc voltage 
under the proper operating conditions. You will learn the conditions and limitations for 
properly using the zener diode and the factors that affect its performance. 


After completing this section, you should be able to 


4 Describe the characteristics of a zener diode and analyze its operation 
4 Recognize a zener diode by its schematic symbol 
oy 


_ Discuss zener breakdown 
: ¢ Define a reake 


The symbol for a zener diode is shown in Figure 3-1. Instead of a straight line repre- Cathode (K) 
senting the cathode, the zener diode has a bent line that reminds you of the letter Z (for 
zener). A zener diode is a silicon pn junction device that is designed for operation in the 
reverse-breakdown region. The breakdown voltage of a zener diode is set by carefully con- 
trolling the doping level during manufacture. Recall, from the discussion of the diode char- 
acteristic curve in Chapter 2, that when a diode reaches reverse breakdown, its voltage Anode tA} 
remains almost constant even though the current changes drastically, and this is the key to 
zener diode operation. This volt-ampere characteristic is shown again in Figure 3-2 with A FIGURE 3-1 
the normal operating region for zener diodes shown as a shaded area. Zener diode symbol. 


a 4 FIGURE 3-2 
ry 


General zener diode V-I characteristic. 
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Zener Breakdown 


Zener diodes are designed to operate in reverse breakdown. Two types of reverse breakdown 
in a zener diode are avalanche and zener. The avalanche effect, discussed in Chapter 2, occurs 
in both rectifier and zener diodes at a sufficiently high reverse voltage. Zener breakdown 
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HISTORY NOTE 


occurs in a zener diode at low reverse voltages. A zener diode is heavily doped to reduce the 
breakdown voltage. This causes a very thin depletion region. As a result, an intense electric 
field exists within the depletion region. Near the zener breakdown voltage (Vz), the field is in- 
tense enough to pull electrons from their valence bands and create current. 

Zener diodes with breakdown voltages of less than approximately 5 V operate predom- 
inately in zener breakdown. Those with breakdown voltages greater than approximately 
5 V operate predominately in avalanche breakdown. Both types, however, are called 
zener diodes. Zeners are commercially available with breakdown voltages from less than 
1 V to more than 250 V with specified tolerances from 1% to 20%. 


Breakdown Characteristics 


Figure 3-3 shows the reverse portion of a zener diode’s characteristic curve. Notice that as 
the reverse voltage (Vp) is increased, the reverse current (Jp) remains extremely small up to 
the “knee” of the curve. The reverse current is also called the zener current, /z. At this 
point, the breakdown effect begins; the internal zener resistance, also called zener imped- 
ance (Zz), begins to decrease as the reverse current increases rapidly. From the bottom of 
the knee, the zener breakdown voltage (Vz) remains essentially constant although it in- 
creases slightly as the zener current, /z, increases. 


» FIGURE 3-3 


Reverse characteristic of a zener Vz @ ly 
diode. Vz is usually specified at a Vp 
value of the zener current known as 

the test current. 


I>, (zener knee current) 


I, (zener test current) 


Izy (zener maximum current) 
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Zener Regulation The ability to keep the reverse voltage across its terminals essentially 
constant is the key feature of the zener diode. A zener diode operating in breakdown acts 
as a voltage regulator because it maintains a nearly constant voltage across its terminals 
over a specified range of reverse-current values. 

A minimum value of reverse current, /7x, must be maintained in order to keep the diode 
in breakdown for voltage regulation. You can see on the curve in Figure 3—3 that when the 
reverse current is reduced below the knee of the curve, the voltage decreases drastically 
and regulation is lost. Also, there is a maximum current, Jz), above which the diode may 
be damaged due to excessive power dissipation. So, basically, the zener diode maintains a 
nearly constant voltage across its terminals for values of reverse current ranging from /zx 
to zm. A nominal zener voltage, Vz, is usually specified on a datasheet at a value of reverse 
current called the zener test current. 


Zener Equivalent Circuits 


Figure 3-4 shows the ideal model (first approximation) of a zener diode in reverse break- 
down and its ideal characteristic curve. It has a constant voltage drop equal to the nominal 
zener voltage. This constant voltage drop across the zener diode produced by reverse 
breakdown is represented by a dc voltage symbol even though the zener diode does not 
produce a voltage. 


vy 
Tp 
(a) Ideal model (b) Ideal characteristic curve 


Figure 3—5(a) represents the practical model (second approximation) of a zener diode, 
where the zener impedance (resistance), Zz, is included. Since the actual voltage curve is 
not ideally vertical, a change in zener current (A/z) produces a small change in zener volt- 
age (AV7), as illustrated in Figure 3-5(b). By Ohm’s law, the ratio of AVz to Alz is the 
impedance, as expressed in the following equation: 


AVz 
ee 
f= hs 


Normally, Z7 is specified at the zener test current. In most cases, you can assume that Z7 is 
a small constant over the full range of zener current values and is purely resistive. It is best 
to avoid operating a zener diode near the knee of the curve because the impedance changes 
dramatically in that area. 


Ve< 
+ 
Vz 
+ 
| | 
v 
TR 
(a) Practical model (b) Characteristic curve. The slope is exaggerated for illustration. 


For most circuit analysis and troubleshooting work, the ideal model will give very good 
results and is much easier to use than more complicated models. When a zener diode is op- 
erating normally, it will be in reverse breakdown and you should observe the nominal 
breakdown voltage across it. Most schematics will indicate on the drawing what this volt- 
age should be. 
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<¢ FIGURE 3-4 


Ideal zener diode equivalent circuit 
model and the characteristic curve. 


Equation 3-1 


<@ FIGURE 3-5 


Practical zener diode equivalent 
circuit and the characteristic curve 
illustrating Z7. 
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EXAMPLE 3-1 


» FIGURE 3-6 


Solution 


Related Problem* 


A zener diode exhibits a certain change in Vz for a certain change in /z on a portion of 
the linear characteristic curve between /7x and Jz, as illustrated in Figure 3-6. What 
is the zener impedance? 


AV,=50 mV 
i Le 0 
Viva ! 
lx 
meee rere ee are ere 2 yr 10 mA 
Al; =5 mA 
| 15 mA 
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v 
TR 
AY. 50 mV 
2 =~ = = 100 
Al; 5SmA 


Calculate the zener impedance if the change in zener voltage is 100 mV for a 20 mA 
change in zener current on the linear portion of the characteristic curve. 


“Answers can be found at www.pearsonhighered.com/floyd. 


Equation 3-2 


Equation 3-3 


Temperature Coefficient 


The temperature coefficient specifies the percent change in zener voltage for each degree 
Celsius change in temperature. For example, a 12 V zener diode with a positive temper- 
ature coefficient of 0.01%/°C will exhibit a 1.2 mV increase in Vz when the junction 
temperature increases one degree Celsius. The formula for calculating the change in 
zener voltage for a given junction temperature change, for a specified temperature 
coefficient, is 


AVz, = Vz X TC X AT 


where V7 is the nominal zener voltage at the reference temperature of 25°C, TC is the tem- 
perature coefficient, and AT is the change in temperature from the reference temperature. 
A positive TC means that the zener voltage increases with an increase in temperature or 
decreases with a decrease in temperature. A negative TC means that the zener voltage 
decreases with an increase in temperature or increases with a decrease in temperature. 

In some cases, the temperature coefficient is expressed in mV/°C rather than as %/°C. 
For these cases, AV7z is calculated as 


AVz = TC X AT 
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EXAMPLE 3-2 An 8.2 V zener diode (8.2 V at 25°C) has a positive temperature coefficient of 
0.05%/°C. What is the zener voltage at 60°C? 


Solution The change in zener voltage is 


AVz = Vz X TC X AT = (8.2 V)(0.05%/°C)(60°C — 25°C) 
(8.2 V)(0.0005/°C)(35°C) = 144 mV 


Notice that 0.05%/°C was converted to 0.0005/°C. The zener voltage at 60°C is 
Vz + AVz = 8.2V + 144mV = 8.34V 


Related Problem A 12 V zener has a positive temperature coefficient of 0.075%/°C. How much will the 
zener voltage change when the junction temperature decreases 50 degrees Celsius? 


Zener Power Dissipation and Derating 


Zener diodes are specified to operate at a maximum power called the maximum dc power 
dissipation, Ppimax). For example, the 1N746 zener is rated at a Pp(max) Of 500 mW and 
the 1N3305A is rated at a Ppymax) Of 50 W. The de power dissipation is determined by the 
formula, 


Pp = Valz 


Power Derating The maximum power dissipation of a zener diode is typically specified 
for temperatures at or below a certain value (50°C, for example). Above the specified tem- 
perature, the maximum power dissipation is reduced according to a derating factor. The 
derating factor is expressed in mW/°C. The maximum derated power can be determined 
with the following formula: 


Pp(derated) = Ppcmaxy — (MW/°C)AT 


EXAMPLE 3-3 A certain zener diode has a maximum power rating of 400 mW at 50°C and a derating 
factor of 3.2 mW/°C. Determine the maximum power the zener can dissipate at a tem- 
perature of 90°C. 


Solution Pp derated) = PD max) = (mW/°C)AT 
= 400 mW — (3.2 mW/°C)(90°C — 50°C) 
= 400 mW — 128mW = 272mW 


Related Problem A certain 50 W zener diode must be derated with a derating factor of 0.5 W/°C above 
75°C. Determine the maximum power it can dissipate at 160°C. 


Zener Diode Datasheet Information 


The amount and type of information found on datasheets for zener diodes (or any category 
of electronic device) varies from one type of diode to the next. The datasheet for some 
zeners contains more information than for others. Figure 3—7 gives an example of the type 
of information you have studied that can be found on a typical datasheet. This particular 
information is for a zener series, the 1N4728A—-1N4764A. 
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COLOR BAND DENOTES CATHODE 


Absolute Maximum Ratings * 5, = 25° uniess otherwise noted 


Symbol Parameter Value 


Pp Power Dissipation 1.0 
@ TL = 50°C, Lead Length = 3/8" 


Derate above 50°C 6.67 
Ty, Tste Operating and Storage Temperature Range -65 to +200 


* These ratings are limiting values above which the serviceability of the diode may be impaired. 


Electrical Characteristics 1, = 25:c uniess othermise noted 


Vz (V) @ lz (note 1) Max. Zener Impedance 
Test Current Zx @ 
Min. Typ. Max. Iz (mA) 2K zk R 
Iz« (O) | (mA) | (vA) 
1N4728A 3.315 3.3 3.465 76 400 100 
1N4729A 3.42 3.6 3.78 69 400 100 
1N4730A 3.705 3.9 4.095 64 400 50 
1N4731A 4.085 4.3 4.515 58 400 10 
1N4732A 4.465 4.7 4.935 53 500 10 


1N4733A 4.845 5.1 5.355 49 550 10 
1N4734A 5.32 5.6 5.88 45 600 10 
1N4735A 5.89 6.2 6.51 41 700 10 
1N4736A 6.46 6.8 7.14 37 - 700 10 
1N4737A 7.125 7.5 7.875 34 700 H 10 


1N4738A 7.79 8.2 8.61 31 : 700 i 10 
1N4739A 8.645 9.1 9.555 28 700 10 
1N4740A 9.5 10 10.5 25 700 10 
1N4741A 10.45 "1 11.55 700 
1N4742A 1.4 12 12.6 700 


1N4743A 12.35 13 13.65 700 
1N4744A 14.25 15 15.75 700 
1N4745A 15.2 16 16.8 700 
1N4746A 17.1 18 18.9 750 
1N4747A 19 20 21 750 


Device 


1N4748A 20.9 22 23.1 750 
1N4749A 22.8 24 25.2 750 
1N4750A 25.65 27 28.35 : 750 
1N4751A 28.5 30 31.5 : 1000 
1N4752A 31.35 33 34.65 . 1000 


1N4753A 34.2 36 37.8 1000 
1N4754A 37.05 39 40.95 i 1000 
1N4755A 40.85 43 45.15 1500 
1N4756A 44.65 47 49.35 H 1500 
1N4757A 48.45 51 53.55 1500 


1N4758A 53.2 56 58.8 - 2000 
1N4759A 58.9 62 65.1 2000 
1N4760A 64.6 68 714 i 2000 
1N4761A 71.25 75 78.75 7 2000 
1N4762A 77.9 82 86.1 3000 


1N4763A 86.45 91 95.55 H 3000 
1N4764A 95 105 i 3000 


Notes: 


1. Zener Voltage (Vz) 
The zener voltage is measured with the device junction in the thermal equilibrium at the lead temperature (T,) at 30°C + 1°C_ and 3/8" lead length. 


A FIGURE 3-7 


Partial datasheet for the 1N4728A—1N4764A series 1 W zener diodes. Copyright Fairchild 
Semiconductor Corporation. Used by permission. Datasheets are available at www.fairchildsemi.com. 
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Absolute Maximum Ratings The maximum power dissipation, Pp, is specified as 
1.0 W up to 50°C. Generally, the zener diode should be operated at least 20% below this 
maximum to assure reliability and longer life. The power dissipation is derated as shown 
on the datasheet at 6.67 mW for each degree above 50°C. For example, using the proce- 
dure illustrated in Example 3-3, the maximum power dissipation at 60°C is 


Pp = 1W — 10°C(6.67 mW/°C) = 1 W — 66.7 mW = 0.9933 W 
At 125°C, the maximum power dissipation is 
Pp = 1W — 75°C(6.67 mW/°C) = 1 W — 500.25 mW = 0.4998 W 


Notice that a maximum reverse current is not specified but can be determined from the 
maximum power dissipation for a given value of Vz. For example, at 50°C, the maximum 
zener current for a zener voltage of 3.3 V is 

Pp 1W 
Im = > = saa = 303 mA 
IM" Vr =(33V 

The operating junction temperature, 7), and the storage temperature, Ts7c, have a range 

of from —65°C to 200°C. 


Electrical Characteristics The first column in the datasheet lists the zener type num- 
bers, 1N4728A through 1N4764A. 


Zener voltage, V7, and zener test current, 77 For each device type, the minimum, typ- 
ical, and maximum zener voltages are listed. Vz is measured at the specified zener test cur- 
rent, /7. For example, the zener voltage for a 1N4728A can range from 3.315 V to 3.465 V 
with a typical value of 3.3 V at a test current of 76 mA. 


Maximum zener impedance Zz is the maximum zener impedance at the specified test 
current, /7. For example, for a 1N4728A, Zz is 10 © at 76 mA. The maximum zener im- 
pedance, Z7x, at the knee of the characteristic curve is specified at J7x, which is the current 
at the knee of the curve. For example, Zz is 400 0 at 1 mA for a 1N4728A. 

Leakage current Reverse leakage current is specified for a reverse voltage that is less 
than the knee voltage. This means that the zener is not in reverse breakdown for these 
measurements. For example Jp is 100 wA for a reverse voltage of 1 V ina IN4728A. 


EXAMPLE 3-4 From the datasheet in Figure 3-7, a 1N4736A zener diode has a Zz of 3.5 Q. The 
datasheet gives V7 = 6.8 V ata test current, /7, of 37 mA. What is the voltage across 
the zener terminals when the current is 50 mA? When the current is 25 mA? Figure 3-8 
represents the zener diode. 


a ° a 
+ 
i Aly = AV; 
+ 
Vz Saas Vz 
= (eo) — 


A FIGURE 3-8 
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Solution 


Related Problem 


For Iz = 50 mA: The 50 mA current is a 13 mA increase above the test current, /7, of 
37 mA. 


Aly = Iz — 37mA = 50mA — 37mA = +13mA 


The change in voltage due to the increase in current above the /7 value causes the 
zener terminal voltage to increase. The zener voltage for /7 = 50 mA is 


Vz = 6.8V + AVz = 68V + 45.5mV = 6.85V 


For [7 = 25 mA: The 25 mA current is a 12 mA decrease below the test current, 17, of 
37 mA. 


Aly = —12mA 
AVz = AlpZz = (—12 mA)3.50) = —42mV 


The change in voltage due to the decrease in current below the test current causes the 
zener terminal voltage to decrease. The zener voltage for /7 = 25 mA is 


Vz = 6.8V — AVz = 6.8V — 42mV = 6.76V 


Repeat the analysis for J7 = 10 mA and for /7 = 30 mA using a 1N4742A zener with 
Vz = 12 Vatlz = 21 mA and Z, = 90. 


n of their characteristic curve are zener diodes operated? 

of zener current is the zener voltage normally specified? 

5 the zener impedance affect the voltage across the terminals of the device? 
ositive temperature coefficient of 0.05%/°C mean? 

wer derating. 


3—2 ZENER DIODE APPLICATIONS 


The zener diode can be used as a type of voltage regulator for providing stable reference 
voltages. In this section, you will see how zeners can be used as voltage references, 
regulators, and as simple limiters or clippers. 


After completing this section, you should be able to 


4 Apply a zener diode in voltage regulation 

a Analyze zener regulation with a variable input voltage 
4 Discuss zener regulation with a variable load 

4 Describe zener regulation from no load to full load 

4 Discuss zener limiting 


Zener Regulation with a Variable Input Voltage 


Zener diode regulators can provide a reasonably constant dc level at the output, but they are 
not particularly efficient. For this reason, they are limited to applications that require only 
low current to the load. Figure 3-9 illustrates how a zener diode can be used to regulate a de 
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DC power 


supply / 


I, increasing 


RU 
pwn 


@ | ©) © 


Vin > Vz 


(a) As the input voltage increases, the output voltage remains nearly constant (Iz < Iz < Izy). 


DC power 
supply \ 


1; decreasing Vz, — AVz 


Vin > Vz 


(b) As the input voltage decreases, the output voltage remains nearly constant (Iz, < Iz < Iz). 


voltage. As the input voltage varies (within limits), the zener diode maintains a nearly con- 
stant output voltage across its terminals. However, as Vix changes, Jz, will change propor- 
tionally so that the limitations on the input voltage variation are set by the minimum and 
maximum current values (Jz and Jz) with which the zener can operate. Resistor R is the 
series current-limiting resistor. The meters indicate the relative values and trends. 

To illustrate regulation, let’s use the ideal model of the 1N4740A zener diode (ignoring 
the zener resistance) in the circuit of Figure 3-10. The absolute lowest current that will 
maintain regulation is specified at 17x, which for the 1N4740A is 0.25 mA and represents 
the no-load current. The maximum current is not given on the datasheet but can be calcu- 
lated from the power specification of | W, which is given on the datasheet. Keep in mind 
that both the minimum and maximum values are at the operating extremes and represent 
worst-case operation. 


R 
220 
+ 
Vin 1 1N4740A 10V 


<@ FIGURE 3-10 


=) 
+0 


<@ FIGURE 3-9 


Zener regulation of a varying input 
voltage. 
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For the minimum zener current, the voltage across the 220 (C1 resistor is 
Vr = I7KR = (0.25 mA)(220 O) = 55 mV 
Since Ve = Vin — Vz, 
Vincminy = Vr + Vz = 55mV + 10V = 10.055 V 
For the maximum zener current, the voltage across the 220 2 resistor is 
Vp = IzMR = (100 mA)(220 1.) = 22 V 
Therefore, 
Vincmax) = 22 V + 10V = 32V 


This shows that this zener diode can ideally regulate an input voltage from 10.055 V to 32 V 
and maintain an approximate 10 V output. The output will vary slightly because of the 
zener impedance, which has been neglected in these calculations. 


EXAMPLE 3-5 


Solution 


» FIGURE 3-12 


Equivalent of circuit in Figure 
3-11. 


Determine the minimum and the maximum input voltages that can be regulated by the 
zener diode in Figure 3-11. 


» FIGURE 3-11 


Vin 1N4733A Vout 


From the datasheet in Figure 3—7 for the 1N4733A: Vz = 5.1 V at Jz = 49 mA, 
I7x = 1 mA, and Zz = 7 ©, at Iz. For simplicity, assume this value of Zz over the 
range of current values. The equivalent circuit is shown in Figure 3-12. 


R 


S.1V+AV, 


At /z7x = 1 mA, the output voltage is 
Vout = 5.1V — AVz = 5.1V — Uz — Izx)Zz = 5.1 V — (49mA — 1 mA\7 0) 
=5.1V — (48 mA)(7Q) = 5.1 V — 0.336 V = 4.76 V 
Therefore, 
Vincmin) = JzKR + Vour = (1 mA)(100 ©) + 4.76 V = 4.86 V 


To find the maximum input voltage, first calculate the maximum zener current. Assume 
the temperature is 50°C or below; so from Figure 3-7, the power dissipation is 1 W. 
Pp max) 1W 
Im = = 
Vz Sj.ll 


= 196mA 
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At 7m, the output voltage is 


Vout = SW sp AVz =S5.1V+ Uzm == In)Zz 
5.1V + (147 mA)(7 QO) = 5.1 V + 1.03 V = 6.13 V 


ll 


Therefore, 


Vinemaxy = Iz + Vour = (196 mA)(100 0) + 6.13 V = 25.7V 


Related Problem Determine the minimum and maximum input voltages that can be regulated if a 
1N4736A zener diode is used in Figure 3-11. 


Open the Multisim file EO3-05 in the Examples folder on the companion website. 
For the calculated minimum and maximum dc input voltages, measure the resulting 
output voltages. Compare with the calculated values. 


Zener Regulation with a Variable Load 


Figure 3-13 shows a zener voltage regulator with a variable load resistor across the termi- 
nals. The zener diode maintains a nearly constant voltage across R; as long as the zener 
current is greater than /7, and less than J7. 


R <@ FIGURE 3-13 


- Zener regulation with a variable 


load. 
+ 
Vin T zl " R, 


From No Load to Full Load 


When the output terminals of the zener regulator are open (R;, = ©), the load current is 
zero and all of the current is through the zener; this is a no-load condition. When a load 
resistor (R;,) is connected, part of the total current is through the zener and part through 
R_. The total current through R remains essentially constant as long as the zener is regu- 
lating. As R; is decreased, the load current, J;, increases and J7 decreases. The zener 
diode continues to regulate the voltage until /7 reaches its minimum value, Jz. At this 
point the load current is maximum, and a full-load condition exists. The following exam- 
ple will illustrate this. 


EXAMPLE 3-6 Determine the minimum and the maximum load currents for which the zener diode in 
Figure 3-14 will maintain regulation. What is the minimum value of R,, that can be 
used? V7 = 12 V, 17x = 1 mA, and 17), = 50 mA. Assume an ideal zener diode 
where Z7 = 0, and V7 remains a constant 12 V over the range of current values, for 
simplicity. 
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® FIGURE 3-14 


Solution 


Related Problem 


V, + 
IN R, 


24V T 


When J, = 0A (R; = ©), Iz is maximum and equal to the total circuit current /7. 


Vin — Vz _ 24V — 12V 
R 470 0 


If R; is removed from the circuit, the load current is 0 A. Since I7(max) is less than 
Izm, 0 A is an acceptable minimum value for [;, because the zener can handle all of the 
25.5 mA. 


Injen = Wes 
The maximum value of J, occurs when /7 is minimum (/7 = I7,), so 
Tmax) = 4g — Izx = 25.5mA — 1mA = 24.5mA 
The minimum value of R;, is 


Vy 12V 
Ti max) 24.5 mA 


RnGnin)) = 4900 

Therefore, if R; is less than 490 Q, R; will draw more of the total current away from 
the zener and /7 will be reduced below Jz. This will cause the zener to lose regula- 
tion. Regulation is maintained for any value of R; between 490 © and infinity. 


Find the minimum and maximum load currents for which the circuit in Figure 3-14 
will maintain regulation. Determine the minimum value of R,, that can be used. 
Vz = 3.3 V (constant), /7x = 1 mA, and Jz), = 150 mA. Assume an ideal zener. 


Open the Multisim file E03-06 in the Examples folder on the companion website. 
For the calculated minimum value of load resistance, verify that regulation occurs. 


In the last example, we assumed that Zz was zero and, therefore, the zener voltage re- 
mained constant over the range of currents. We made this assumption to demonstrate the 
concept of how the regulator works with a varying load. Such an assumption is often ac- 
ceptable and in many cases produces results that are reasonably accurate. In Example 3-7, 
we will take the zener impedance into account. 


EXAMPLE 3-7 


For the circuit in Figure 3-15: 
(a) Determine Vopr at Jz and at Izy. 
(b) Calculate the value of R that should be used. 


(c) Determine the minimum value of R,; that can be used. 


ZENER DIODE APPLICATIONS 


® FIGURE 3-15 


R Vour 
Cy 
= 
a IN4744A R, 


Solution The 1N4744A zener used in the regulator circuit of Figure 3-15 is a 15 V diode. The 

datasheet in Figure 3—7 gives the following information: 

Vz = 15V @Iz = 17mA, Izx = 0.25 mA, and Zz = 140. 

(a) For Iz7x: 

Vour = Vz — AlgZz = 15 V — AlgZz = 15V — (Iz — Ipx)Zz 
15 V — (16.75 mA)(14 0) = 15 V — 0.235 V = 14.76 V 
Calculate the zener maximum current. The maximum power dissipation is 1 W. 
— Pocmax) — 1W 
Vz 15 V 


For 7m: 
Voie AleZ, = 15V + AlbZ, 
= 15V + Uym — Iz)Zz = 15 V + (49.7mA)(140) = 15.7 V 
(b) Calculate the value of R for the maximum zener current that occurs when there is 
no load as shown in Figure 3—16(a). 
Vivien @UT 2a = 15.7 V 
ge — 66.7mA 
R = 130 © (nearest larger standard value). 


R= = 1240, 


R R 14.76 V 
24. Vo—AW 015.7V 24 Vo—AM ° 
1300 rer 
71.0 mA 
Izy = 66.7 mA Igg = 0.25 mA Re | 70.75 mA 


(a) (b) 


A FIGURE 3-16 
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(c) For the minimum load resistance (maximum load current), the zener current is 
minimum (/7x = 0.25 mA) as shown in Figure 3—16(b). 
Vin -— Vour 24V — 14.76 V 
R 7 130.0 
TK = iy — Izx = 71.0mA — 0.25 mA = 70.75 mA 
Vout 14.76 V 
i, 70.75mA 


p= = 71.0mA 


Related Problem Repeat each part of the preceding analysis if the zener is changed to a 1N4742A 12 V 
device. 
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You have seen how the zener diode regulates voltage. Its regulating ability is somewhat lim- 
ited by the change in zener voltage over a range of current values, which restricts the load cur- 
rent that it can handle. To achieve better regulation and provide for greater variations in load 
current, the zener diode is combined as a key element with other circuit components to create a 
3-terminal linear voltage regulator. Three-terminal voltage regulators that were introduced in 
Chapter 2 are IC devices that use the zener to provide a reference voltage for an internal ampli- 
fier. For a given dc input voltage, the 3-terminal regulator maintains an essentially constant dc 
voltage over a range of input voltages and load currents. The dc output voltage is always less 
than the input voltage. The details of this type of regulator are covered in Chapter 17. Figure 
3-17 illustrates a basic 3-terminal regulator showing where the zener diode is used. 


Control 
element 


! 


Error Feedback 
Ld 


| amplifier element 


Reference ground = = 
(a) Symbol (b) Block diagram 


Vin © 0 Your 


Vin Voltage regulator Vout 


Ref 


A FIGURE 3-17 


Three-terminal voltage regulators. 


Zener Limiter 


In addition to voltage regulation applications, zener diodes can be used in ac applications 
to limit voltage swings to desired levels. Figure 3-18 shows three basic ways the limiting 
action of a zener diode can be used. Part (a) shows a zener used to limit the positive peak 
of a signal voltage to the selected zener voltage. During the negative alternation, the zener 
acts as a forward-biased diode and limits the negative voltage to —0.7 V. When the zener 


0.7V 
Via 0 Vin 0 
-0.7V 


(a) (b) 


O 
+Vz7, +0.7V 


dD, 
_ ~) Dy L\— 
re) 


-Vz,-0.7V 


(c) 
A FIGURE 3-18 


Basic zener limiting action with a sinusoidal input voltage. 
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is turned around, as in part (b), the negative peak is limited by zener action and the positive 
voltage is limited to +0.7 V. Two back-to-back zeners limit both peaks to the zener voltage 
+0.7 V, as shown in part (c). During the positive alternation, D> is functioning as the zener 
limiter and D, is functioning as a forward-biased diode. During the negative alternation, 
the roles are reversed. 
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EXAMPLE 3-8 Determine the output voltage for each zener limiting circuit in Figure 3-19. 


20 V 6.2V 
0 Vous 
~20V 15V 


(b) 


A FIGURE 3-19 


Solution See Figure 3-20 for the resulting output voltages. Remember, when one zener is 


operating in breakdown, the other one is forward-biased with approximately 0.7 V 


across it. 


-15.7V 
(a) 


A FIGURE 3-20 


5.8 V 
Vow f \ ony 
ar 
0 
0 
-4.0V 
(b) 


Related Problem (a) What is the output in Figure 3-19(a) if the input voltage is increased to a peak 
value of 20 V? 


(b) What is the output in Figure 3—-19(b) if the input voltage is decreased to a peak 


value of 5 V? 


with the waveforms shown in the example. 


Open the Multisim file E03-08 in the Examples folder on the companion website. 
For the specified input voltages, measure the resulting output waveforms. Compare 


in the terms no load and full load. 
ich voltage appears across a zener diode when it is forward-biased? 


r diode regulator, what value of load resistance results in the maximum zener 
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3-3 THE VARACTOR DIODE 


a 


+ 


A FIGURE 3-23 


Varactor diode symbol. 


The junction capacitance of diodes varies with the amount of reverse bias. Varactor 
diodes are specially designed to take advantage of this characteristic and are used as 
voltage-controlled capacitors rather than traditional diodes. These devices are com- 
monly used in communication systems. Varactor diodes are also referred to as 
varicaps or tuning diodes. 


After completing this section, you should be able to 


4 Describe the varactor diode characteristic and analyze its operation 

4 Discuss the basic operation of a varactor 
¢ Explain why a reverse-biased varactor acts as a capacitor ¢ Calculate varactor 
capacitance ¢ Identify the varactor schematic symbol 

4 Interpret a varactor diode datasheet 
¢ Define and discuss capacitance tolerance range ¢ Define and discuss 
capacitance ratio ¢ Discuss the back-to-back configuration 

4 Discuss and analyze the application of a varactor in a resonant band-pass filter 


A yaractor is a diode that always operates in reverse bias and is doped to maximize the 
inherent capacitance of the depletion region. The depletion region acts as a capacitor di- 
electric because of its nonconductive characteristic. The p and n regions are conductive 
and act as the capacitor plates, as illustrated in Figure 3—21. 


» FIGURE 3-21 + 


The reverse-biased varactor diode 


acts as a variable capacitor. a | a. 


ass ss 
Plate \ 


Basic Operation 


Recall that capacitance is determined by the parameters of plate area (A), dielectric con- 
stant (€), and plate separation (d), as expressed in the following formula: 
_ Ae 

d 


Cc 


As the reverse-bias voltage increases, the depletion region widens, effectively increas- 
ing the plate separation, thus decreasing the capacitance. When the reverse-bias voltage 
decreases, the depletion region narrows, thus increasing the capacitance. This action is 
shown in Figure 3—22(a) and (b). A graph of diode capacitance (Cy) versus reverse voltage 
for a certain varactor is shown in Figure 3—22(c). For this particular device, Cy varies from 
30 pF to slightly less than 4 pF as Vp varies from | V to 30 V. 

In a varactor diode, these capacitance parameters are controlled by the method of dop- 
ing near the pn junction and the size and geometry of the diode’s construction. Nominal 
varactor capacitances are typically available from a few picofarads to several hundred 
picofarads. Figure 3-23 shows a common symbol for a varactor. 
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A FIGURE 3-22 


Varactor diode capacitance varies with reverse voltage. 


Varactor Datasheet Information 


A partial datasheet for a specific series of varactor diode (Zetex 830 series) is shown in 
Figure 3—24. 


Capacitance Tolerance Range The minimum, nominal, and maximum values of capac- 
itance are shown on the datasheet. For example, when reverse-biased at 3 V, the 832A can 


Tuning characteristics at T,,p = 25°C <@ FIGURE 3-24 

Part Capacitance (pF) MinQ Capacitance ratio Partial datasheet for the Zetex 830 

Vr =3V C2 / Ca9 series varactor diodes. Courtesy of 
f = 50MHz @f = 1MHz : 
‘ins se hie site: saws Zetex Semiconductors PLC. 

829A 7.38 82 9.02 250 43 58 Datasheets are available at www. 

829B 7.79 8.2 8.61 250 4.3 5.8 datasheetcatalog/zetexsemiconduc- 

830A 9.0 10.0 11.0 300 45 6.0 iors/t? 

830B 9.5 10.0 10.5 300 45 6.0 . 

831A 13.5 15.0 16.5 300 45 6.0 

831B 14.25 15.0 15.75 300 45 6.0 

832A 19.8 22.0 24.2 200 5.0 6.5 

832B 20.9 22.0 23.1 200 5.0 6.5 

833A 29.7 33.0 36.3 200 5.0 6.5 

833B 31.35 33.0 34.65 200 5.0 6.5 

834A 42.3 47.0 51.7 200 5.0 6.5 

834B 44.65 47.0 49.35 200 5.0 6.5 

835A 61.2 68.0 74.8 100 5.0 6.5 

835B 64.6 68.0 714 100 5.0 6.5 

836A 90.0 100.0 110.0 100 5.0 6.5 

836B 95.0 100.0 105.0 100 5.0 6.5 


Absolute maximum ratings 


Parameter Symbol Max. Unit 
Forward current lp 200 mA 
Power dissipation at Tamp = 25°C SOT23 Prot 330 mW 
Power dissipation at Tmp = 25°C SOD323 Prot 330 mW 
Power dissipation at Tamp = 25'C SOD523 Prot 250 mW 
Operating and storage temperature range -55 to +150 Ae 


Electrical characteristics at T,,,p = 25°C 


Paramater Conditions Min. Typ. Max. Unit 
Reverse breakdown voltage | Ip=10 A 25 Vv 
Reverse voltage leakage Vr = 20V 0.2 20 nA 
Temperature coefficient of Vr = 3V, f = MHz 300 400 ppCm/°C 
capacitance 
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exhibit a capacitance anywhere between 19.8 pF and 24.2 pF. This tolerance range should 
not be confused with the range of capacitance values that result from varying the reverse 
bias as determined by the capacitance ratio. 


Capacitance Ratio The varactor capacitance ratio is also known as the tuning ratio. It 
is the ratio of the diode capacitance at a minimum reverse voltage to the diode capacitance 
at a maximum reverse voltage. For the varactor diodes represented in Figure 3—24, the ca- 
pacitance ratio is the ratio of C measured at a Vp of 2 V divided by C measured at a Vp of 
20 V. The capacitance ratio is designated as C/Cyq in this case. 

For the 832A, the minimum capacitance ratio is 5.0. This means that the capacitance 
value decreases by a factor of 5.0 as Vp is increased from 2 V to 20 V. The following cal- 
culation illustrates how to use the capacitance ratio (CR) to find the capacitance range for 
the 832A. If C) = 22 pF and the minimum CR = C)/C2 = 5.0, 


C, 22pF 
CR 5 


Cr 


4.4 pF 


The diode capacitance varies from 22 pF to 4.4 pF when Vp is increased from 2 V to 20 V. 

The Zetex 830 series of varactor diodes are hyper-abrupt junction devices. The doping 
in the n and p regions is made uniform so that at the pn junction there is a very abrupt 
change from n to p instead of the more gradual change found in the rectifier diodes. The 
abruptness of the pn junction determines the capacitance ratio. 


Back-to-Back Configuration One of the drawbacks of using just a single varactor diode 
in certain applications, such as rf tuning, is that if the diode is forward-biased by the rf sig- 
nal during part of the ac cycle, its reverse leakage will increase momentarily. Also, a type 
of distortion called harmonic distortion is produced if the varactor is alternately biased 
positively and negatively. To avoid harmonic distortion, you will often see two varactor 
diodes back to back, as shown in Figure 3—25(a) with the reverse dc voltage applied to both 
devices simultaneously. The two tuning diodes will be driven alternately into high and low 
capacitance, and the net capacitance will remain constant and is unaffected by the rf signal 
amplitude. The Zetex 832A varactor diode is available in a back-to-back configuration in 
an SOT23 package or as a single diode in an SOD523 package, as shown in Figure 3—25(b). 
Although the cathodes in the back-to-back configuration are connected to a common pin, 
each diode can also be used individually. 


> FIGURE 3-25 


Varactor diodes and typical packages. 
SOT23 
¢———_ Va 
SOD523 


(a) Back-to-back configuration (b) 


An Application 


A major application of varactors is in tuning circuits. For example, VHF, UHF, and satel- 
lite receivers utilize varactors. Varactors are also used in cellular communications. When 
used in a parallel resonant circuit, as illustrated in Figure 3—26, the varactor acts as a 


Vin ° AWW, | e | O eer 


variable capacitor, thus allowing the resonant frequency to be adjusted by a variable volt- 
age level. The varactor diode provides the total variable capacitance in the parallel resonant 
band-pass filter. The varactor diode and the inductor form a parallel resonant circuit from 
the output to ac ground. The capacitors C, and C, have no effect on the filter’s frequency 
response because their reactances are negligible at the resonant frequencies. C; prevents a 
dc path from the potentiometer wiper back to the ac source through the inductor and Ry. Cy 
prevents a dc path from the wiper of the potentiometer to a load on the output. The poten- 
tiometer R, forms a variable dc voltage for biasing the varactor. The reverse-bias voltage 
across the varactor can be varied with the potentiometer. 
Recall that the parallel resonant frequency is 
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<@ FIGURE 3-26 


A resonant band-pass filter using a 
varactor diode for adjusting the 
resonant frequency over 

a specified range. 


1 
f= 27 VLC 
EXAMPLE 3-8 (a) Given that the capacitance of a Zetex 832A varactor is approximately 40 pF at 0 V 


bias and that the capacitance at a 2 V reverse bias is 22 pF, determine the capacitance 
at a reverse bias of 20 V using the specified minimum capacitance ratio. 


(b) Using the capacitances at bias voltages of 0 V and 20 V, calculate the resonant fre- 
quencies at the bias extremes for the circuit in Figure 3-26 if L = 2 mH. 


(c) Verify the frequency calculations by simulating the circuit in Figure 3—26 for the fol- 
lowing component values: Ry = 47 kO, Rp = 10kQO, R3 = 5.1MQ, C; = 10 nF, 


Co = 10 nF, L = 2 mH, and VeIAS = 20V. 


Solution (a) Cy ene 4.4 pF 
CR 5.0 
1 1 
co aoe aVveOnnap 
1 1 
(o> 5 ie > 2 ORT 1.7 MHz 


(c) The Multsim simulation of the circuit is shown in Figure 3-27. The Bode plotters 
show the frequency responses at 0 V and 20 V reverse bias. The center of the 0 V 
bias response curve is at 553.64 kHz and the center of the 20 V bias response curve 
is at 1.548 MHz. These results agree reasonably well with the calculated values. 
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A FIGURE 3-27 


Multisim simulation. 


These results show that this circuit can be tuned over most of the AM broadcast band. 


Related Problem How could you increase the tuning range of the circuit? 


What is the key feature of a varactor diode? 
Under what bias condition is a varactor operated? 
What part of the varactor produces the capacitance? 


Based on the graph in Figure 3—-22(c), what happens to the diode capacitance when 
the reverse voltage is increased? 


se SW = 


5. Define capacitance ratio. 


3-4 OprticaAL DIODES 


In this section, three types of optoelectronic devices are introduced: the light-emitting 
diode, quantum dots, and the photodiode. As the name implies, the light-emitting 
diode is a light emitter. Quantum dots are very tiny light emitters made from silicon 
with great promise for various devices, including light-emitting diodes. On the other 
hand, the photodiode is a light detector. 


After completing this section, you should be able to 


4 Discuss the basic characteristics, operation, and applications of LEDs, quan- 
tum dots, and photodiodes 

4 Describe the light-emitting diode (LED) 
¢ Identify the LED schematic symbol ¢ Discuss the process of electrolumines- 
cence ¢ List some LED semiconductor materials ¢@ Discuss LED biasing 
¢ Discuss light emission 

4 Interpret an LED datasheet 
¢ Define and discuss radiant intensity and irradiance 

4 Describe some LED applications 

a Discuss high-intensity LEDs and applications 
¢ Explain how high-intensity LEDs are used in traffic lights ¢ Explain how 
high-intensity LEDs are used in displays 

4 Describe the organic LED (OLED) 

4 Discuss quantum dots and their application 

4 Describe the photodiode and interpret a typical datasheet 
¢ Discuss photodiode sensitivity 


The Light-Emitting Diode (LED) 


The symbol for an LED is shown in Figure 3-28. 

The basic operation of the light-emitting diode (LED) is as follows. When the device 
is forward-biased, electrons cross the pn junction from the n-type material and recombine 
with holes in the p-type material. Recall from Chapter | that these free electrons are in 
the conduction band and at a higher energy than the holes in the valence band. The difference 
in energy between the electrons and the holes corresponds to the energy of visible light. 
When recombination takes place, the recombining electrons release energy in the form of 
photons. The emitted light tends to be monochromatic (one color) that depends on the 
band gap (and other factors). A large exposed surface area on one layer of the semicon- 
ductive material permits the photons to be emitted as visible light. This process, called 
electroluminescence, is illustrated in Figure 3-29. Various impurities are added during 
the doping process to establish the wavelength of the emitted light. The wavelength deter- 
mines the color of visible light. Some LEDs emit photons that are not part of the visible 
spectrum but have longer wavelengths and are in the infrared (IR) portion of the spectrum. 


LED Semiconductor Materials The semiconductor gallium arsenide (GaAs) was used 
in early LEDs and emits IR radiation, which is invisible. The first visible red LEDs were 
produced using gallium arsenide phosphide (GaAsP) on a GaAs substrate. The efficiency 
was increased using a gallium phosphide (GaP) substrate, resulting in brighter red LEDs 
and also allowing orange LEDs. 

Later, GaP was used as the light-emitter to achieve pale green light. By using a red and 
a green chip, LEDs were able to produce yellow light. The first super-bright red, yellow, 
and green LEDs were produced using gallium aluminum arsenide phosphide (GaAlAsP). 
By the early 1990s ultrabright LEDs using indium gallium aluminum phosphide 
(InGaAIP) were available in red, orange, yellow, and green. 
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A FIGURE 3-28 


Symbol for an LED. When forward- 
biased, it emits light. 
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> FIGURE 3-29 Light 
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Electroluminescence in a forward- 
biased LED. 
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Blue LEDs using silicon carbide (SiC) and ultrabright blue LEDs made of gallium ni- 
tride (GaN) became available. High intensity LEDs that produce green and blue are also 
made using indium gallium nitride (InGaN). High-intensity white LEDs are formed using 
ultrabright blue GaN coated with fluorescent phosphors that absorb the blue light and 
reemit it as white light. 


LED Biasing The forward voltage across an LED is considerably greater than for a sili- 
con diode. Typically, the maximum Vy for LEDs is between 1.2 V and 3.2 V, depending on 
the material. Reverse breakdown for an LED is much less than for a silicon rectifier diode 
(3 V to 10 V is typical). 

The LED emits light in response to a sufficient forward current, as shown in Figure 3—30(a). 
The amount of power output translated into light is directly proportional to the forward cur- 
rent, as indicated in Figure 3—30(b). An increase in Jp corresponds proportionally to an 
increase in light output. The light output (both intensity and color) is also dependent on tem- 
perature. Light intensity goes down with higher temperature as indicated in the figure. 
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(a) Forward-biased operation (b) General light output versus forward current 


for two temperatures 
A FIGURE 3-30 


Basic operation of an LED. 


Light Emission An LED emits light over a specified range of wavelengths as indicated 
by the spectral output curves in Figure 3-31. The curves in part (a) represent the light out- 
put versus wavelength for typical visible LEDs, and the curve in part (b) is for a typical in- 
frared LED. The wavelength (A) is expressed in nanometers (nm). The normalized output 
of the visible red LED peaks at 660 nm, the yellow at 590 nm, green at 540 nm, and blue at 
460 nm. The output for the infrared LED peaks at 940 nm. 
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A FIGURE 3-31 


Examples of typical spectral output curves for LEDs. 


The graphs in Figure 3-32 show typical radiation patterns for small LEDs. LEDs are 
directional light sources (unlike filament or fluorescent bulbs). The radiation pattern is 
generally perpendicular to the emitting surface; however, it can be altered by the shape of 
the emitter surface and by lenses and diffusion films to favor a specific direction. 
Directional patterns can be an advantage for certain applications, such as traffic lights, 
where the light is intended to be seen only by certain drivers. Figure 3—32(a) shows the pat- 
tern for a forward-directed LED such as used in small panel indicators. Figure 3—32(b) 
shows the pattern for a wider viewing angle such as found in many super-bright LEDs. A 
wide variety of patterns are available from manufacturers; one variation is to design the 
LED to emit nearly all the light to the side in two lobes. 
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(a) A narrow viewing angle LED (b) A wide viewing angle LED 
A FIGURE 3-32 


Radiation patterns for two different LEDs. 


Typical small LEDs for indicators are shown in Figure 3—33(a). In addition to small 
LEDs for indicators, bright LEDs are becoming popular for lighting because of their supe- 
rior efficiency and long life. A typical LED for lighting can deliver 50-60 lumens per watt, 
which is approximately five times greater efficiency than a standard incandescent bulb. 
LEDs for lighting are available in a variety of configurations, including even flexible tubes 
for decorative lighting and low-wattage bulbs for outdoor walkways and gardens. Many 
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> FIGURE 3-33 
Typical LEDs. 
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(b) Typical LEDs for lighting applications 


LED lamps are designed to work in 120 V standard fixtures. A few representative configu- 
rations are shown in Figure 3—33(b). 


LED Datasheet Information 


A partial datasheet for an TSMF1000 infrared (IR) light-emitting diode is shown in Figure 
3-34. Notice that the maximum reverse voltage is only 5 V, the maximum forward current 
is 100 mA, and the forward voltage drop is approximately 1.3 V for Jp = 20 mA. 

From the graph in part (c), you can see that the peak power output for this device occurs 
at a wavelength of 870 nm; its radiation pattern is shown in part (d). 


Radiant Intensity and Irradiance In Figure 3—34(a), the radiant intensity, /, (symbol 
not to be confused with current), is the output power per steradian and is specified as 5 mW/sr 
at Jz = 20 mA. The steradian (sr) is the unit of solid angular measurement. Irradiance, E, 
is the power per unit area at a given distance from an LED source expressed in mW/cm”. 
Irradiance is important because the response of a detector (photodiode) used in conjunc- 
tion with an LED depends on the irradiance of the light it receives. 


EXAMPLE 3-10 


Solution 


Related Problem 


From the LED datasheet in Figure 3-34 determine the following: 
(a) The radiant power at 910 nm if the maximum output is 35 mW. 
(b) The forward voltage drop for J; = 20 mA. 

(c) The radiant intensity for J; = 40 mA. 


(a) From the graph in Figure 3—34(c), the relative radiant power at 910 nm is approxi- 
mately 0.25 and the peak radiant power is 35 mW. Therefore, the radiant power at 
910 nm is 


de = 0.25(35 mW) = 8.75 mW 
(b) From the graph in part (b), Ve = 1.25 V for J; = 20mA. 
(c) From the graph in part (e), J, = 10mW/sr for Jp = 40 mA. 


Determine the relative radiant power at 850 nm. 


Absolute Maximum Ratings 


Tamb = 25°C, unless otherwise specified 


Parameter Test condition Symbol Value Unit 
Reverse Voltage VR 5 Vv 
Forward current IF 100 mA 
Peak Forward Current tp/T = 0.5, tp = 100 ps IFM 200 mA 
Surge Forward Current tp = 100 us IFSM 0.8 A 
Power Dissipation Pv 190 mW 
Junction Temperature Tj 100 °C 
Operating Temperature Range Tamb - 40 to+ 85 °C 
Basic Characteristics 
Tamb = 25°C, unless otherwise specified 
Tamb = 25°C, unless otherwise specified 
Parameter Test condition Symbol Min Typ. Max Unit 
Forward Voltage IF =20 mA Ve 1.3 1.5 Vv 
IF =1 A, tp = 100 ts Ve 2.4 Vv 
Temp. Coefficient of VF IF=1.0mA TKye ai ler mV/K 
Reverse Current VR=5V IR 10 HA 
Junction capacitance VR=O0V,f=1MHz,E=0 C 160 pF 
Radiant Intensity IF =20 mA le 2.5 5 13 mW/sr 
IF = 100 mA, tp = 100 us le 25 mW/sr 
Radiant Power IF = 100 mA, tp = 20 ms de 35 mW 
Temp. Coefficient of be IF =20mA TKde - 0.6 IK 
Angle of Half Intensity o +17 deg 
Peak Wavelength l-F=20mA dp 870 nm 
Spectral Bandwidth l-=20mA An 40 nm 
Temp. Coefficient of Ap l—-=20mA TKXp 0.2 nm/K 
Rise Time IF =20mA t 30 ns 
Fall Time IF =20 mA t 30 ns 
Virtual Source Diameter @ 1.2 mm 
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A FIGURE 3-34 


Ip - Forward Current ( mA ) 


Partial datasheet for an TSMF1000 IR light-emitting diode. Datasheet courtesy of Vishay 
Intertechnology, Inc. Datasheets are available at www.vishay.com. 
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Applications 


Standard LEDs are used for indicator lamps and readout displays on a wide variety of in- 
struments, ranging from consumer appliances to scientific apparatus. A common type of 
display device using LEDs is the seven-segment display. Combinations of the segments 
form the ten decimal digits as illustrated in Figure 3-35. Each segment in the display is an 
LED. By forward-biasing selected combinations of segments, any decimal digit and a dec- 
imal point can be formed. Two types of LED circuit arrangements are the common anode 
and common cathode as shown. 
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(a) LED segment arrangement and typical device 


(b) Common anode (c) Common cathode 


A FIGURE 3-35 
The 7-segment LED display. 


One common application of an infrared LED is in remote control units for TV, DVD, gate 
openers, etc. The IR LED sends out a beam of invisible light that is sensed by the receiver in 
your TV, for example. For each button on the remote control unit, there is a unique code. When 
a specific button is pressed, a coded electrical signal is generated that goes to the LED, which 
converts the electrical signal to a coded infrared light signal. The TV receiver recognizes the 
code and takes appropriate action, such as changing the channel or increasing the volume. 

Also, IR light-emitting diodes are used in optical coupling applications, often in con- 
junction with fiber optics. Areas of application include industrial processing and control, 
position encoders, bar graph readers, and optical switching. 

An example of how an IR LED could be used in an industrial application is illustrated 
in Figure 3-36. This particular system is used to count baseballs as they are fed down a 
chute into a box for shipping. As each ball passes through the chute, the IR beam emitted 
by the LED is interrupted. This is detected by the photodiode (discussed later) and the re- 
sulting change in current is sensed by a detector circuit. An electronic circuit counts each 
time that the beam is interrupted; and when a preset number of balls pass through the 
chute, the “stop” mechanism is activated to stop the flow of balls until the next empty box 
is automatically moved into place on the conveyor. When the next box is in place, the 
“stop” mechanism is deactivated and the balls begin to roll again. This idea can also be ap- 
plied to inventory and packing control for many other types of products. 


High-Intensity LEDs 


LEDs that produce much greater light outputs than standard LEDs are found in many ap- 
plications including traffic lights, automotive lighting, indoor and outdoor advertising and 
informational signs, and home lighting. 


Counting and 
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A FIGURE 3-36 


Basic concept and block diagram of a counting and control system. 


Traffic Lights LEDs are quickly replacing the traditional incandescent bulbs in traffic 
signal applications. Arrays of tiny LEDs form the red, yellow, and green lights in a traffic 
light unit. An LED array has three major advantages over the incandescent bulb: brighter 
light, longer lifetime (years vs. months), and less energy consumption (about 90% less). 

LED traffic lights are constructed in arrays with lenses that optimize and direct the light 
output. Figure 3—37(a) illustrates the concept of a traffic light array using red LEDs. A rel- 
atively low density of LEDs is shown for illustration. The actual number and spacing of the 
LEDs in a traffic light unit depends on the diameter of the unit, the type of lens, the color, 
and the required light intensity. With an appropriate LED density and a lens, an 8- or 12- 
inch traffic light will appear essentially as a solid-color circle. 

LEDs in an array are usually connected either in a series-parallel or a parallel arrange- 
ment. A series connection is not practical because if one LED fails open, then all the 
LEDs are disabled. For a parallel connection, each LED requires a limiting resistor. To re- 
duce the number of limiting resistors, a series-parallel connection can be used, as shown 
in Figure 3—37(b). 
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A FIGURE 3-37 
LED traffic light. 
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> FIGURE 3-38 Light seen by viewer is 
concentrated in a smaller 
area and is more intense 
than it would be without 
a lens. 


The lens directs the light emitted Small section 


from the LED to optimize visibility. ba tpewaanaeea of lens 


single LED af 


Some LED traffic arrays use small reflectors for each LED to help maximize the effect 
of the light output. Also, an optical lens covers the front of the array to direct the light from 
each individual diode to prevent improper dispersion of light and to optimize the visibility. 
Figure 3—38 illustrates how a lens is used to direct the light toward the viewer. 

The particular LED circuit configuration depends on the voltage and the color of the 
LED. Different color LEDs require different forward voltages to operate. Red LEDs take 
the least; and as the color moves up the color spectrum toward blue, the voltage require- 
ment increases. Typically, a red LED requires about 2 V, while blue LEDs require between 
3 V and 4 V. Generally, LEDs, however, need 20 mA to 30 mA of current, regardless of 
their voltage requirements. Typical V-/ curves for red, yellow, green, and blue LEDs are 
shown in Figure 3-39. 


» FIGURE 3-39 Tp (mA) 
V-I characteristic curves for visible- 1004 
light LEDs. 
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EXAMPLE 3-11 Using the graph in Figure 3-39, determine the green LED forward voltage for a current 


of 20 mA. Design a 12 V LED circuit to minimize the number of limiting resistors for 
an array of 60 diodes. 


Solution From the graph, a green LED has a forward voltage of approximately 2.5 V for a for- 
ward current of 20 mA. The maximum number of series LEDs is 3. The total voltage 
across three LEDs is 


VS 3% 22) = ia 


The voltage drop across the series-limiting resistor is 


V=12V -—75V =45V 


The value of the limiting resistor is 


5V 


BHT 2h mA 


= 2250 
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The LED array has 20 parallel branches each with a limiting resistor and three LEDs, 


as shown in Figure 3-40. 


» FIGURE 3-40 
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Related Problem Design a 12 V red LED array with minimum limiting resistors, a forward current of 


30 mA, and containing 64 diodes. 
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LED Displays LEDs are widely used in large and small signs and message boards for 
both indoor and outdoor uses, including large-screen television. Signs can be single-color, 
multicolor, or full-color. Full-color screens use a tiny grouping of high-intensity red, green, 
and blue LEDs to form a pixel. A typical screen is made of thousands of RGB pixels with 
the exact number determined by the sizes of the screen and the pixel. 

Red, green, and blue (RGB) are primary colors and when mixed together in varying 
amounts, can be used to produce any color in the visible spectrum. A basic pixel formed by 
three LEDs is shown in Figure 3-41. The light emission from each of the three diodes can 
be varied independently by varying the amount of forward current. Yellow is added to the 
three primary colors (RGBY) in some TV screen applications. 


Other Applications High-intensity LEDs are becoming more widely used in automo- 
tive lighting for taillights, brakelights, turn signals, back-up lights, and interior applica- 
tions. LED arrays are expected to replace most incandescent bulbs in automotive lighting. 
Eventually, headlights may also be replaced by white LED arrays. LEDs can be seen better 
in poor weather and can last 100 times longer than an incandescent bulb. 

LEDs are also finding their way into interior home and business lighting applications. 
Arrays of white LEDs may eventually replace incandescent light bulbs and flourescent 
lighting in interior living and work areas. As previously mentioned, most white LEDs use 
a blue GaN (gallium nitride) LED covered by a yellowish phosphor coating made of a cer- 
tain type of crystals that have been powdered and bound in a type of viscous adhesive. 
Since yellow light stimulates the red and green receptors of the eye, the resulting mix of 
blue and yellow light gives the appearance of white. 
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(c) Examples of different combinations of equal amounts of primary colors 


A FIGURE 3-41 


The concept of an RGB pixel used in LED display screens. 


The Organic LED (OLED) 


An OLED is a device that consists of two or three layers of materials composed of organic 
molecules or polymers that emit light with the application of voltage. OLEDs produce 
light through the process of electrophosphorescence. The color of the light depends on the 
type of organic molecule in the emissive layer. The basic structure of a 2-layer OLED is 
shown in Figure 3-42. 
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A FIGURE 3-42 


Basic structure of a top-emitting 2-layer OLED. 
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Electrons are provided to the emissive layer and removed from the conductive layer when 
there is current between the cathode and anode. This removal of electrons from the con- 
ductive layer leaves holes. The electrons from the emissive layer recombine with the holes 
from the conductive layer near the junction of the two layers. When this recombination 
occurs, energy is released in the form of light that passes through the transparent cathode 
material. If the anode and substrate are also made from transparent materials, light is emitted 
in both directions, making the OLED useful in applications such as heads-up displays. 

OLEDs can be sprayed onto substrates just like inks are sprayed onto paper during 
printing. Inkjet technology greatly reduces the cost of OLED manufacturing and allows _ thinner, faster, and lighter than 
OLEDs to be printed onto very large films for large displays like 80-inch TV screens or _| conventional LEDs or LCDs. They 
electronic billboards. also use less power and are 

cheaper to manufacture. 


Quantum Dots 


Quantum dots are a form of nanocrystals that are made from semiconductor material such 
as silicon, germanium, cadmium sulfide, cadmium selenide, and indium phosphide. 
Quantum dots are only | nm to 12 nm in diameter (a nm is one billionth of a meter). 
Billions of dots could fit on the head of a pin! Because of their small size, quantum effects 
arise due to the confinement of electrons and holes; as a result, material properties are very 
different than the normal material. One important property is that the band gap is dependent 
on the size of the dots. When excited from an external source, dots formed from semicon- 
ductors emit light in the visible range as well as infrared and ultraviolet, depending on their 
size. The higher-frequency blue light is emitted by smaller dots suspended in solution 
(larger band gap); red light is emitted from solutions with larger dots (smaller band gap). 
Solutions containing the quantum dots glow eerily with specific colors as shown in the 
photograph in Figure 3-43. 


< FIGURE 3-43 


Solutions containing quantum dots 
glow with specific colors that depend 
on the size of the dots. Courtesy of 
NN-Labs. 


Although quantum dots are not diodes themselves, they can be used in construction of 
light-emitting diodes as well as display devices and a variety of other applications. As you 
know, LEDs work by generating a specific frequency (color) of light, which is determined 
by the band gap. To produce white light, blue LEDs are coated with a phosphor that adds 
yellow light to the blue, forming white. The result is not a pure white, but tends to be harsh 
and makes colors appear unnatural. While this is satisfactory for displays and signs, many 
people do not like it for home lighting. 

Quantum dots can be used to modify the basic color of LEDs by converting higher energy 
photons (blue) to photons of lower energy. The result is a color that more closely approximates 
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an incandescent bulb. Quantum dot filters can be designed to contain combinations of colors, 
giving designers control of the spectrum. The important advantage of quantum dot technology 
is that it does not lose the incoming light; it merely absorbs the light and reradiates it at a dif- 
ferent frequency. This enables control of color without giving up efficiency. By placing a 
quantum dot filter in front of a white LED, the spectrum can be made to look like that of an in- 
candescent bulb. The resulting light is more satisfactory for general illumination, while retain- 
ing the advantages of LEDs. 

There are other promising applications, particularly in medical applications. Water-soluble 
quantum dots are used as a biochemical luminescent marker for cellular imaging and med- 
ical research. Research is also being done on quantum dots as the basic device units for 
information processing by manipulating two energy levels within the quantum dot. 


The Photodiode 


The photodiode is a device that operates in reverse bias, as shown in Figure 3—44(a), 
where J, is the reverse light current. The photodiode has a small transparent window that 
allows light to strike the pn junction. Some typical photodiodes are shown in Figure 3-44(b). 


An alternate photodiode symbol is shown in Figure 3—-44(c). 
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(a) Reverse-bias operation (b) Typical devices (c) Alternate symbol 


using standard symbol 


A FIGURE 3-44 
Photodiode. 


Recall that when reverse-biased, a rectifier diode has a very small reverse leakage cur- 
rent. The same is true for a photodiode. The reverse-biased current is produced by thermally 
generated electron-hole pairs in the depletion region, which are swept across the pn junction 
by the electric field created by the reverse voltage. In a rectifier diode, the reverse leakage 
current increases with temperature due to an increase in the number of electron-hole pairs. 

A photodiode differs from a rectifier diode in that when its pn junction is exposed to 
light, the reverse current increases with the light intensity. When there is no incident light, 
the reverse current, J), is almost negligible and is called the dark current. An increase 
in the amount of light intensity, expressed as irradiance (mW/cm’), produces an increase in 
the reverse current, as shown by the graph in Figure 3—45(a). 

From the graph in Figure 3—45(b), you can see that the reverse current for this particu- 
lar device is approximately 1.4 wA at a reverse-bias voltage of 10 V with an irradiance of 
0.5 mW/cm”. Therefore, the resistance of the device is 

Vr 10V 


Ras = 7.14MQ0 
L 14pA 


At 20 mW/cm”, the current is approximately 55 wA at Vp = 10V. The resistance under 
this condition is 

Ve 10V 
Ih SSpA 


Ra = = 182k0 


These calculations show that the photodiode can be used as a variable-resistance device 
controlled by light intensity. 
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(a) General graph of reverse current versus irradiance 


Vp, reverse voltage (V) 


(b) Example of a graph of reverse current versus reverse voltage for several 


values of irradiance 


A FIGURE 3-45 


Typical photodiode characteristics. 


Figure 3-46 illustrates that the photodiode allows essentially no reverse current (except 
for a very small dark current) when there is no incident light. When a light beam strikes the 
photodiode, it conducts an amount of reverse current that is proportional to the light inten- 
sity (irradiance). 


Light OFF Light ON 


(a) No light, no current except (b) Where there is incident light, 
negligible dark current resistance decreases and there is 
reverse current. 


A FIGURE 3-46 


Operation of a photodiode. 


Photodiode Datasheet Information 


A partial datasheet for an TEMD 1000 photodiode is shown in Figure 3-47. Notice that the 
maximum reverse voltage is 60 V and the dark current (reverse current with no light) is 
typically 1 nA for a reverse voltage of 10 V. The dark current increases with an increase in 
reverse voltage and also with an increase in temperature. 


Sensitivity From the graph in part (b), you can see that the maximum sensitivity for this 
device occurs at a wavelength of 950 nm. The angular response graph in part (c) shows an 
area of response measured as relative sensitivity. At 10° on either side of the maximum ori- 
entation, the sensitivity drops to approximately 82% of maximum. 
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Absolute Maximum Ratings 


Tamb = 25°C, unless otherwise specified 


Parameter Test condition Symbol Value Unit 
Reverse Voltage VR 60 Vv 
Power Dissipation Tang = 25°C Py 75 mw 
Junction Temperature Tj 100 °c 
Storage Temperature Range Tstg - 40 to + 100 °C 
Operating Temperature Range Tstg - 40 to+ 85 °C 
Soldering Temperature is5s Ts < 260 °C 
Basic Characteristics 
Tamb = 25 °C, unless otherwise specified 
Tamb = 25 °C, unless otherwise specified 
Parameter Test condition Symbol Min Yp. Max Unit 
Forward Voltage Ip = 50 mA Ve 1.0 1.3 Vv 
Breakdown Voltage IR = 100 vA, E=0 Vier) 60 Vv 
Reverse Dark Current VR=10V,E=0 lho 1 10 nA 
Diode capacitance VR =5V,f=1MHz, E=0 Cp 1.8 pF 
Reverse Light Current E,=1 mW/cm?, la 10 pA 
d= 870 nm, VRp=5V 
E, = 1 mWicm?, Ira 5 12 HA 
d= 950 nm, VRp=5V 
Parameter Test condition Symbol Min Typ. Max Unit 
Temp. Coefficient of |,4 VR =5V,=870nm TKtra 0.2 IK 
Absolute Spectral Sensitivity VR =5V,=870nm s(A) 0.60 A/W 
VR =5V,=950 nm s(A) 0.55 A/W 
Angle of Half Sensitivity b 415 deg 
Wavelength of Peak Sensitivity Xp 900 nm 
Range of Spectral Bandwidth dos 840 to 1050 nm 
Rise Time Vy = 10V, R, =50, 0 tr 4 ns 
d= 820 nm 
Fall Time VR =10V, R, =50, 0 t 4 ns 
d= 820 nm 
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A FIGURE 3-47 


Partial datasheet for the TEMD1000 photodiode. Datasheet courtesy of Vishay Intertechnology, Inc. 


EXAMPLE 3-12 


For a TEMD 1000 photodiode, 


(a) Determine the maximum dark current for Vp = 10 V. 


(b) Determine the reverse light current for an irradiance of 1 mW/cm’ at a wavelength 
of 850 nm if the device angle is oriented at 10° with respect to the maximum irra- 
diance and the reverse voltage is 5 V. 


OTHER TYPES OF DIODES 


Solution (a) From Figure 3-47(a), the maximum dark current /J,, = 10 nA. 


(b) From the graph in Figure 3—47(d), the reverse light current is 12 4 A at 950 nm. 


From Figure 3—47(b), the relative sensitivity is 0.6 at 850 nm. Therefore, the re- 
verse light current is 


IT) = Tq = 0.6(12 wA) = 72 pA 
For an angle of 10°, the relative sensitivity is reduced to 0.92 of its value at 0°. 


Ty = tq = 0.92.(7.2 uA) = 6.62 pA 


Related Problem What is the reverse current if the wavelength is 1050 nm and the angle is 0°? 
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in terms of their light-emission spectrum. 

length, visible light or infrared? 

an LED normally operated? 

it emission of an LED as the forward current increases? 
of an LED is 0.7 V. (true or false) 


photodiode normally operated? 


verse resistance? 


incident light (irradiance) on a photodiode increases, what 


3—5 OTHER TYPES OF DIODES 


In this section, several types of diodes that you are less likely to encounter as a techni- 
cian but are nevertheless important are introduced. Among these are the laser diode, 
the Schottky diode, the pin diode, the step-recovery diode, the tunnel diode, and the 
current regulator diode. 


After completing this section, you should be able to 


4 Discuss the basic characteristics of several types of diodes 
4 Discuss the laser diode and an application 
¢ Identify the schematic symbol 
4 Discuss the Schottky diode 
¢ Identify the schematic symbol 
4 Discuss the pin diode 
4 Discuss the step-recovery diode 
¢ Identify the schematic symbol 
a Discuss the tunnel diode 
¢ Identify the schematic symbol ~¢ Describe a tunnel diode application 
4 Discuss the current regulation diode 
¢ Identify the schematic symbol 
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Jf 
= Ci 


(a) Symbol 


The Laser Diode 


The term laser stands for /ight amplification by stimulated emission of radiation. Laser 
light is monochromatic, which means that it consists of a single color and not a mixture of 
colors. Laser light is also called coherent light, a single wavelength, as compared to inco- 
herent light, which consists of a wide band of wavelengths. The laser diode normally emits 
coherent light, whereas the LED emits incoherent light. The symbols are the same as 
shown in Figure 3—48(a). 


pabds Partially 
Highly reflective 
reflective end 
end 
\| P }<—Depletion 
pn junction —>| region 
Cathode 


(b) (c) 


A FIGURE 3-48 


Basic laser diode construction and operation. 


The basic construction of a laser diode is shown in Figure 3—48(b). A pn junction is 
formed by two layers of doped gallium arsenide. The length of the pn junction bears a pre- 
cise relationship with the wavelength of the light to be emitted. There is a highly reflective 
surface at one end of the pn junction and a partially reflective surface at the other end, 
forming a resonant cavity for the photons. External leads provide the anode and cathode 
connections. 

The basic operation is as follows. The laser diode is forward-biased by an external volt- 
age source. As electrons move through the junction, recombination occurs just as in an or- 
dinary diode. As electrons fall into holes to recombine, photons are released. A released 
photon can strike an atom, causing another photon to be released. As the forward current is 
increased, more electrons enter the depletion region and cause more photons to be emitted. 
Eventually some of the photons that are randomly drifting within the depletion region 
strike the reflected surfaces perpendicularly. These reflected photons move along the de- 
pletion region, striking atoms and releasing additional photons due to the avalanche effect. 
This back-and-forth movement of photons increases as the generation of photons “snow- 
balls” until a very intense beam of laser light is formed by the photons that pass through 
the partially reflective end of the pn junction. 

Each photon produced in this process is identical to the other photons in energy level, 
phase relationship, and frequency. So a single wavelength of intense light emerges from 
the laser diode, as indicated in Figure 3—48(c). Laser diodes have a threshold level of cur- 
rent above which the laser action occurs and below which the diode behaves essentially as 
an LED, emitting incoherent light. 


An Application Laser diodes and photodiodes are used in the pick-up system of com- 
pact disk (CD) players. Audio information (sound) is digitally recorded in stereo on the 
surface of a compact disk in the form of microscopic “pits” and “flats.” A lens arrangement 
focuses the laser beam from the diode onto the CD surface. As the CD rotates, the lens and 
beam follow the track under control of a servomotor. The laser light, which is altered by 


the pits and flats along the recorded track, is reflected back from the track through a lens 
and optical system to infrared photodiodes. The signal from the photodiodes is then used to 
reproduce the digitally recorded sound. Laser diodes are also used in laser printers and 
fiber-optic systems. 


The Schottky Diode 


Schottky diodes are high-current diodes used primarily in high-frequency and fast-switching 
applications. They are also known as hot-carrier diodes. The term hot-carrier is derived 
from the higher energy level of electrons in the n region compared to those in the metal re- 
gion. A Schottky diode symbol is shown in Figure 3-49. A Schottky diode is formed by 
joining a doped semiconductor region (usually n-type) with a metal such as gold, silver, or 
platinum. Rather than a pn junction, there is a metal-to-semiconductor junction, as shown 
in Figure 3-50. The forward voltage drop is typically around 0.3 V because there is no de- 
pletion region as in a pn junction diode. 


Metal-semiconductor << FIGURE 3-50 


junction 


Basic internal construction of a 
Schottky diode. 


n region 


Metal region 


The Schottky diode operates only with majority carriers. There are no minority carri- 
ers and thus no reverse leakage current as in other types of diodes. The metal region is 
heavily occupied with conduction-band electrons, and the n-type semiconductor region 
is lightly doped. When forward-biased, the higher energy electrons in the n region are in- 
jected into the metal region where they give up their excess energy very rapidly. Since 
there are no minority carriers, as in a conventional rectifier diode, there is a very rapid 
response to a change in bias. The Schottky is a fast-switching diode, and most of its ap- 
plications make use of this property. It can be used in high-frequency applications and in 
many digital circuits to decrease switching times. The LS family of TTL logic (LS 
stands for low-power Schottky) is one type of digital integrated circuit that uses the 
Schottky diode. 


The PIN Diode 


The pin diode consists of heavily doped p and n regions separated by an intrinsic (i) region, 
as shown in Figure 3—51(a). When reverse-biased, the pin diode acts like a nearly constant 
capacitance. When forward-biased, it acts like a current-controlled variable resistance. 
This is shown in Figure 3—51(b) and (c). The low forward resistance of the intrinsic region 
decreases with increasing current. 


A —p}|— k 


intrinsic 
nregion region p region 


I ——— 


(a) Construction 


Anode Cr 


+o} —_»- 


(b) Reverse-biased 


A FIGURE 3-51 
PIN diode. 
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A FIGURE 3-49 
Schottky diode symbol. 


GREENTECH NOTE 


Thin-film PV solar panels, a 
relatively new development, use a 
somewhat different concept for 
the diodes than a standard 
crystalline silicon panel uses. The 
thin films are based on amorphous 
silicon, rather than crystalline 
silicon, as standard PV panels are. 
The p and n layers are separated by 
an intrinsic layer forming a p-i-n 
diode. Because they are very thin, 
light can penetrate the entire layer 
and multiple layers can be added 
with different band gaps to capture 
a larger percentage of the light 
spectrum. This is a promising 
method for forming large flexible 
panels. 


Rp 


— oh 0 + 


(c) Forward-biased 
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The forward series resistance characteristic and the reverse capacitance characteristic 
are shown graphically in Figure 3-52 for a typical pin diode. 

The pin diode is used as a de-controlled microwave switch operated by rapid changes in 
bias or as a modulating device that takes advantage of the variable forward-resistance char- 
acteristic. Since no rectification occurs at the pn junction, a high-frequency signal can be 
modulated (varied) by a lower-frequency bias variation. A pin diode can also be used in at- 
tenuator applications because its resistance can be controlled by the amount of current. 
Certain types of pin diodes are used as photodetectors in fiber-optic systems. 
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A FIGURE 3-52 


PIN diode characteristics. 


The Step-Recovery Diode 


The step-recovery diode uses graded doping where the doping level of the semiconductive 
materials is reduced as the pn junction is approached. This produces an abrupt turn-off time 
HISTORY NOTE by allowing a fast release of stored charge when switching from forward to reverse bias. It 
also allows a rapid re-establishment of forward current when switching from reverse to for- 
ward bias. This diode is used in very high frequency (VHF) and fast-switching applications. 


The Tunnel Diode 


The tunnel diode exhibits a special characteristic known as negative resistance. This fea- 
ture makes it useful in oscillator and microwave amplifier applications. Two alternate sym- 
bols are shown in Figure 3-53. Tunnel diodes are constructed with germanium or gallium 
arsenide by doping the p and n regions much more heavily than in a conventional rectifier 
diode. This heavy doping results in an extremely narrow depletion region. The heavy dop- 
ing allows conduction for all reverse voltages so that there is no breakdown effect as with 
the conventional rectifier diode. This is shown in Figure 3-54. 

Also, the extremely narrow depletion region permits electrons to “tunnel” through the 
pn junction at very low forward-bias voltages, and the diode acts as a conductor. This is 
shown in Figure 3-54 between points A and B. At point B, the forward voltage begins to 
develop a barrier, and the current begins to decrease as the forward voltage continues to in- 
crease. This is the negative-resistance region. 


p= AVE 
PAG 


This effect is opposite to that described in Ohm’s law, where an increase in voltage results 


in an increase in current. At point C, the diode begins to act as a conventional forward- 
Tunnel diode symbols. biased diode. 


A FIGURE 3-53 
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Tp <@ FIGURE 3-54 


Tunnel diode characteristic curve. 


Negative- 
resistance 
region 


Tunneling 
current 


Cc 


An Application A parallel resonant circuit can be represented by a capacitance, induc- 
tance, and resistance in parallel, as in Figure 3—55(a). Rp is the parallel equivalent of the 
series winding resistance of the coil. When the tank circuit is “shocked” into oscillation by 
an application of voltage as in Figure 3—55(b), a damped sinusoidal output results. The 
damping is due to the resistance of the tank, which prevents a sustained oscillation because 
energy is lost when there is current through the resistance. 


o}o 
+ + it 
=— =—s Rp G = 
It 


(a) (b) 


A FIGURE 3-55 


Parallel resonant circuit. 


If a tunnel diode is placed in series with the tank circuit and biased at the center of 
the negative-resistance portion of its characteristic curve, as shown in Figure 3-56, a 
sustained oscillation (constant sinusoidal voltage) will result on the output. This is be- 
cause the negative-resistance characteristic of the tunnel diode counteracts the positive- 
resistance characteristic of the tank resistance. The tunnel diode is only used at very 
high frequencies. 


Alp 


D, P es point 


fv . 


Ve (mV) 


A FIGURE 3-56 


Basic tunnel diode oscillator. 
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» FIGURE 3-58 


Typical characteristic curve for 
a current regulator diode. 


Current Regulator Diode 


The current regulator diode is often referred to as a constant-current diode. Rather than 
maintaining a constant voltage, as the zener diode does, this diode maintains a constant 
current. The symbol is shown in Figure 3-57. 


> FIGURE 3-57 
: Anode Cathode 
Symbol for a current regulator diode. 


Figure 3-58 shows a typical characteristic curve. The current regulator diode operates in 
forward bias (shaded region), and the forward current becomes a specified constant value 
at forward voltages ranging from about 1.5 V to about 6 V, depending on the diode type. 
The constant forward current is called the regulator current and is designated Ip. For ex- 
ample, the 1N5283—1N5314 series of diodes have nominal regulator currents ranging from 
220 A to 4.7 mA. These diodes may be used in parallel to obtain higher currents. This 
diode does not have a sharply defined reverse breakdown, so the reverse current begins to 
increase for Vax values of less than 0 V (unshaded region of the figure). This device 
should never be operated in reverse bias. 


5.0 
4.0 
3.0 
2.0 
1.0 


Ip, diode current (mA) 


2 --l 0 20 40 60 80 100 120 140 160 
Vax; anode-cathode voltage (V) 


In forward bias, the diode regulation begins at the limiting voltage, V_, and extends up to 
the POV (peak operating voltage). Notice that between Vx and POV, the current is essen- 
tially constant. Vy is the test voltage at which Jp and the diode impedance, Zr, are specified 
on a datasheet. The impedance Z; has very high values ranging from 235 kQ to 25 MO. for 
the diode series mentioned before. 


nce between incoherent and coherent light and which is produced 


ry application areas for Schottky diodes? 
ode? 

acteristic of a tunnel diode? 

on for a tunnel diode? 


TROUBLESHOOTING 


3—6 TROUBLESHOOTING 


In this section, you will see how a faulty zener diode can affect the output of a regulated 
dc power supply. Although IC regulators are generally used for power supply outputs, 
the zener is occasionally used when less precise regulation and low current is accept- 
able. Like other diodes, the zener can fail open, it can exhibit degraded performance, 

or it can short out. 


After completing this section, you should be able to 


4 Troubleshoot zener diode regulators 
¢ Recognize the effects of an open zener ¢ Recognize the effects of a zener with 
degraded performance or shorted 


Chapter 18: Basic Programming Concepts for Automated Testing 


Selected sections from Chapter 18 be introduced t of this troubleshooti wa 
elected sections from Chapter 18 may be introduced as part of this troubleshooting AW 


coverage or, optionally, the entire Chapter 18 may be covered later or not at all. 


A Zener-Regulated DC Power Supply 


Figure 3-59 shows a filtered dc power supply that produces a constant 24 V before it is reg- 
ulated down to 15 V by the zener regulator. The 1N4744A zener diode is the same as the 
one in Example 3-7. A no-load check of the regulated output voltage shows 15.5 V as indi- 
cated in part (a). The typical voltage expected at the zener test current for this particular 
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Regulator 


120 V 
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(a) Correct output voltage with no load 


24V 
: f 
Rome | Regulator 
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Rectifier 


(b) Correct output voltage with full load 


A FIGURE 3-59 


Zener-regulated power supply test. 
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diode is 15 V. In part (b), a potentiometer is connected to provide a variable load resistance. 
It is adjusted to a minimum value for a full-load test as determined by the following calcu- 
lations. The full-load test is at minimum zener current (/7x). The meter reading of 14.8 V 
indicates approximately the expected output voltage of 15.0 V. 


I 24V — 14.8V 51.1mA 

_ _ .Lm 

> 180 0 

I, = Ip — Iz = 51.1mA — 0.25mA = 50.9mA 
14.8 V 

Rimin) = 50.9 mA mA = 291 0) 


Case 1: Zener Diode Open If the zener diode fails open, the power supply test gives the 
approximate results indicated in Figure 3-60. In the no-load check shown in part (a), 
the output voltage is 24 V because there is no voltage dropped between the filtered out- 
put of the power supply and the output terminal. This definitely indicates an open 
between the output terminal and ground. In the full-load check, the voltage of 14.8 V 
results from the voltage-divider action of the 180 2, series resistor and the 291 2, load. 
In this case, the result is too close to the normal reading to be a reliable fault indication 
but the no-load check will verify the problem. Also, if Ry is varied, Voyr will vary if 
the zener diode is open. 


i Vv 
| Regulator 
120 V Power supply ; 
60 Hz —p Transformer, 2 
Rectifier, Filter 180 0 
OPEN 
1N4744A 
(a) Open zener diode with no load 
cs Vv 
' — Regulator 
Power supply I 
120 V : 
60 Hz “2 Transformer, o—_\WW 
Rectifier, Filter 1800 R, 
ee 291.0 
1N4744A 


(b) Open zener diode cannot be detected by full-load measurement in this case. 


A FIGURE 3-60 


Indications of an open zener. 


Case 2: Incorrect Zener Voltage As indicated in Figure 3-61, a no-load check that results 
in an output voltage greater than the maximum zener voltage but less than the power sup- 
ply output voltage indicates that the zener has failed such that its internal impedance is 
more than it should be. The 20 V output in this case is 4.5 V higher than the expected value 
of 15.5 V. That additional voltage indicates the zener is faulty or the wrong type has been 
installed. A 0 V output, of course, indicates that there is a short. 
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' Regulator 


180 0 


1N4744A 


A FIGURE 3-61 


Indication of faulty or wrong zener. 


Multisim Troubleshooting Exercises = 
Ulli 


These file circuits are in the Troubleshooting Exercises folder on the companion website. 
Open each file and determine if the circuit is working properly. If it is not working prop- 
erly, determine the fault. 


1. Multisim file TSEO3-01 
2. Multisim file TSEO3-02 
3. Multisim file TSEO3-03 
4. Multisim file TSEO3-04 
5 


. Multisim file TSEO3-05 


r, what are the symptoms of an open zener diode? 


ir fails so that the zener impedance is greater than the specified 
jut voltage more or less than it should be? 


V at the output of a zener-regulated power supply, what is the most 


‘sulator in a power supply is open. What will you observe on the 


The unregulated 16 V de power supply developed in Chapter 2 is to be upgraded to a reg- 
ulated power supply with a fixed output voltage of 12 V. An integrated circuit 3-terminal 
voltage regulator is to be used and a red LED incorporated to indicate when the power is 
on. The printed circuit board for the unregulated power supply was designed to accom- 
modate these additions. 


The Circuit 


Practical considerations for the circuit are the type of regulator, the selection of the LED 
power-on indicator and limiting resistor, and the value and placement of the fuse. 
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120 V ac 


Unregulated power 
supply from Chapter 2 


The Regulator The 78XX series of linear voltage regulators provide positive fixed out- 
put voltages for a range of values. The last two digits in the part number indicate the out- 
put voltage. The 7812 provides a 12 V regulated output. The change in output voltage for a 
specified change in input voltage is called the line regulation. The change in output voltage 
for a specified change in load current is called the load regulation. These parameters are 
specified on the datasheet. It is recommended by the manufacturer that a 0.33 wF capacitor 
be connected from the input terminal to ground and a 0.1 wF connected from the output 
terminal to ground, as shown in Figure 3—62 to prevent high-frequency oscillations and 
improve the performance. You may wonder about putting a small-value capacitor in 
parallel with a large one; the reason is that the large filter capacitor has an internal equiva- 
lent series resistance, which affects the high frequency response of the system. The effect 
is cancelled with the small capacitor. 


16 V + 10% 


FIGURE 3-62 


12 V regulated power supply. 


A partial datasheet for a 7812 is shown in Figure 3—-63(a) Notice that there is a range 
of nominal output voltages, but it is typically 12 V. The line and load regulation specify 
how much the output can vary about the nominal output value. For example, the typical 
12 V output will change no more than 11 mV (typical) as the load current changes from 
5 mA to 1. 5 A. Package configurations are shown in part (b). 

1. From the datasheet, determine the maximum output voltage if the input voltage to 
the regulator increases to 22 V, assuming a nominal output of 12 V. 

2. From the datasheet, determine how much the typical output voltage changes when 
the load current changes from 250 mA to 750 mA. 


The LED A typical partial datasheet for a visible red LED is shown in Figure 3-64. As 
the datasheet shows, a forward current of 10 mA to 20 mA is used for the test data. 
3. Determine the value of the resistor shown in Figure 3-62 for limiting the LED 
current to 20 mA and use the next higher standard value. Also specify the power 
rating of the limiting resistor. 


The Fuse The fuse will be in series with the primary winding of the transformer, as 
shown in Figure 3-62. The fuse should be calculated based on the maximum allowable 
primary current. Recall from your dc/ac circuits course that if the voltage is stepped 


Electrical Characteristics (MC7812E) 
(Refer to test circuit °C < TJ < 125°C, lo = 500mA, V| =19V, Ci= 0.33yF, Co=0.1pF, unless otherwise specified) 


MC7812E 
Parameter Symbol Conditions - Unit 
Min. | Typ. | Max. 
Ty = +25°C 11.5 | 12 | 12.5 
Output Voltage Vo | 5.0mA<lo < 1.0A, Po < 15W v 
VI = 14.5V to 27V 114 | 12 | 12.6 
F , . Vi = 14.5V to 30V - 10 | 240 
Line Regulation (Note1) Regline | Ty = +25°C mV 
Vi = 16V to 22V - 3.0 | 120 
: lo = 5mA to 1.5A - 11 | 240 
Load Regulation (Note1) Regload | Ty = +25°C mV 
lo = 250mA to 750mA - 5.0 | 120 
Quiescent Current la Ty = +25°C - 5.4 8.0 mA 
; lo = 5mA to 1.0A - 0.1 | 0.5 
Quiescent Current Change Ala mA 
V| = 14.5V to 30V - 0.5 | 1.0 
Output Voltage Drift (Note2) | AVO/AT | lo = 5mA - -1 - mvV/°C 
Output Noise Voltage VN f = 10Hz to 100kHz, TA = +25 °C - 76 - uV/Vo 
F bong f = 120Hz 
Ripple Rejection (Note2) RR Vi = 15V to 25V 55 71 - dB 
Dropout Voltage VDrop | lo= 1A, Ty = +25°C - 2 - Vv 
Output Resistance (Note2) ike) f = 1kHz - 18 - mQ 
Short Circuit Current Isc Vi = 35V, TA= +25°C - 230 - mA 
Peak Current (Note2) IPK Ty = +25°C - 2.2 - A 
(a) 
FIGURE 3-63 
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3 
D-PAK 
(b) 1—input, 2—ground, 3—output 


Partial datasheet and packages for a 7812 regulator. You can view an entire datasheet at 
www.fairchildsemiconductor.com. Copyright Fairchild Semiconductor Corporation. Used by permission. 


Optical and Electrical Characteristics 


Tamb = 25 °C, unless otherwise specified 


Red 
TLHKS1.. 
Parameter Test condition Part Symbol Min Typ. Max Unit 

Luminous intensity 1) lp =20 mA TLHK5100 ly 320 med 

Dominant wavelength Ip =10 mA Ad 626 630 639 nm ~ 
Peak wavelength IF =10mA dp 643 nm ‘ 
Angle of half intensity IF =10mA Oo) +9 deg gy 
Forward voltage lp =20 mA Ve 1.9 2.6 Vv 

Reverse voltage IR =10 pA VR 5 Vv 

Junction capacitance VR =0,f=1 MHz C 15 pF 


1) in one Packing Unit lymin/vmax < 0-5 


FIGURE 3-64 


Partial datasheet and package for a typical red LED. To view a complete datasheet, go to 
www. vishay.com. Datasheet courtesy of Vishay Intertechnology, Inc. 


down, the current is stepped up. From the specifications for the unregulated power supply, 
the maximum load current is 250 mA. The current required for the power-on LED 
indicator is 15 mA. So, the total secondary current is 265 mA. The primary current will 
be the secondary current divided by the turns ratio. 


4. Calculate the primary current and use this value to select a fuse rating. 
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FIGURE 3-65 


Simulation of the regulated 12 V power supply circuit. 


Simulation 


In the development of a new circuit, it is helpful to simulate the circuit using a software 
program before actually building it and committing it to hardware. We will use Multisim 
to simulate this power supply circuit. Figure 3-65 shows the simulated regulated power 
supply circuit. The unregulated power supply was previously tested, so you need only to 
verify that the regulated output is correct. A load resistor value is chosen to draw a cur- 
rent equal to or greater than the specified maximum load current. 


— 12V 
250 mA 


The closest standard value is 47 0, which draws 255 mA at 12 V. 
5. Determine the power rating for the load resistor. 


Jb, = 480, 


ity Simulate the circuit using your Multisim software. Verify the operation with the virtual 
voltmeter. 


Prototyping and Testing 


Now that all the components have been selected and the circuit has been simulated, the 
new components are added to the power supply protoboard from Experiment 2 and the 
circuit is tested. 

Lab Experiment 


To build and test a similar circuit, go to Experiment 3 in your lab manual (Laboratory 
| Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Printed Circuit Board 


The 12 V regulated power supply prototype has been built and tested. It is now commit- 
ted to a printed circuit layout, as shown in Figure 3-66. Notice that a heat sink is used 
with the regulator IC to increase its ability to dissipate power. With the ac line voltage 
and load resistor connected, the output voltage is measured. 

6. Compare the printed circuit board to the schematic in Figure 3-65. 

7. Calculate the power dissipated by the regulator for an output of 12 V. 
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FIGURE 3-66 


Regulated 12 V power supply on the ee 
printed circuit (PC) board. 


—>— - a a pf — 


Zener Light-emitting Photo Varactor 
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Laser PIN Tunnel 
Schottky Current-regulator 


SUMMARY 


Section 3-1 © The zener diode operates in reverse breakdown. 
® There are two breakdown mechanisms in a zener diode: avalanche breakdown and zener 
breakdown. 
® When Vz < 5 V, zener breakdown is predominant. 
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® When Vz > 5 V, avalanche breakdown is predominant. 


® A zener diode maintains a nearly constant voltage across its terminals over a specified range of 
zener currents. 


® Zener diodes are available in many voltage ratings ranging from less than 1 V to more than 
250 V. 


Section 3-2 
Section 3-3 


® Zener diodes are used as voltage references, regulators, and limiters. 

® A varactor diode acts as a variable capacitor under reverse-bias conditions. 
® The capacitance of a varactor varies inversely with reverse-bias voltage. 

® The current regulator diode keeps its forward current at a constant specified value. 
Section 3-4 ® AnLED emits light when forward-biased. 

® LEDs are available for either infrared or visible light. 

5 


High-intensity LEDs are used in large-screen displays, traffic lights, automotive lighting, and 
home lighting. 
® An organic LED (OLED) uses two or three layers of organic material to produce light. 


® Quantum dots are semiconductor devices that emit light when energized from an external 
source. 


® The photodiode exhibits an increase in reverse current with light intensity. 


Section 3-5 ® The Schottky diode has a metal-to-semiconductor junction. It is used in fast-switching 
applications. 


® The tunnel diode is used in oscillator circuits. 


® The pin diode has a p region, an n region, and an intrinsic (i) region and displays a variable re- 
sistance characteristic when forward-biased and a constant capacitance when reverse-biased. 


® A laser diode is similar to an LED except that it emits coherent (single wavelength) light when 
the forward current exceeds a threshold value. 


KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 
Electroluminescence The process of releasing light energy by the recombination of electrons in a 
semiconductor. 

Laser Light amplification by stimulated emission of radiation. 
Light-emitting diode (LED) A type of diode that emits light when there is forward current. 
Photodiode A diode in which the reverse current varies directly with the amount of light. 


Pixel In an LED display screen, the basic unit for producing colored light and consisting of red, 
green, and blue LEDs. 


Varactor A variable capacitance diode. 
Zener breakdown The lower voltage breakdown in a zener diode. 


Zener diode A diode designed for limiting the voltage across its terminals in reverse bias. 


KEY FORMULAS 


3-1 L= lls Zener impedance 

Aly, 
3-2 AVz = Vz X TC X AT Vz temperature change when TC is %/°C 
3-3 AVz = TC X AT Vz temperature change when TC is mV/°C 
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_TRUE/F. TRU E/FALSE QUIZ Answers can be found at www.pearsonhighered.com/floyd. 


= 


. The zener diode normally operates in reverse breakdown. 

. A zener diode can be used as a voltage regulator. 

. There is no current when a zener is in reverse breakdown. 

. The varactor diode normally operates in forward bias. 

. The varactor diode is used as a variable capacitor. 

The capacitance of a varactor varies directly with reverse voltage. 
The LED is based on the process of electroluminescence. 


. The LED is normally operated in forward bias. 


ern nvnawm b wh 


. OLED stands for operational light-emitting diode. 


= 
S 


. The photodiode operates in reverse bias. 


= 
= 


. The reverse current of a photodiode increases as the incident light increases. 


= 
nN 


. The light emitted by a laser diode is monochromatic. 


| $ RCUIT- ACTION QUIZ Answers can be found at www.pearsonhighered.com/floyd. 
1. If the input voltage in Figure 3-11 is increased from 5 V to 10 V, ideally the output voltage will 
(a) increase (b) decrease (c) not change 
2. If the input voltage in Figure 3-14 is reduced by 2 V, the zener current will 
(a) increase (b) decrease (c) not change 
3. If Ry in Figure 3—14 is removed, the current through the zener diode will 
(a) increase (b) decrease (c) not change 
4. If the zener opens in Figure 3-14, the output voltage will 
(a) increase (b) decrease (c) not change 
5. If R in Figure 3-14 is increased, the current to the load resistor will 
(a) increase (b) decrease (c) not change 
6. If the input voltage amplitude in Figure 3—18(a) is increased, the positive output voltage will 
(a) increase (b) decrease (c) not change 
7. Ifthe input voltage amplitude in Figure 3—19(a) is reduced, the amplitude of the output voltage will 
(a) increase (b) decrease (c) not change 
8. If the varactor capacitance is increased in Figure 3—26, the resonant frequency will 
(a) increase (b) decrease (c) not change 
9. If the reverse voltage across the varactor in Figure 3—26 is increased, the frequency will 
(a) increase (b) decrease (c) not change 
10. If the bias voltage in Figure 3—30 is increased, the light output of the LED will 
(a) increase (b) decrease (c) not change 
11. If the bias voltage in Figure 3—30 is reversed, the light output of the LED will 


(a) increase (b) decrease (c) not change 


SELF-TEST Answers can be found at www.pearsonhighered.com/floyd. 


Section 3-1 ‘1. The cathode of a zener diode in a voltage regulator is normally 
(a) more positive than the anode (b) more negative than the anode 
(c) at +0.7 V (d) grounded 
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Section 3—2 


Section 3-3 


Section 3-4 


Section 3-5 


10. 


11. 


12. 


13. 


14. 


15. 


. Ifacertain zener diode has a zener voltage of 3.6 V, it operates in 


(a) regulated breakdown (b) zener breakdown 


(c) forward conduction (d) avalanche breakdown 


. For a certain 12 V zener diode, a 10 mA change in zener current produces a 0.1 V change in 


zener voltage. The zener impedance for this current range is 
(a) 10, (b) 1000 (c) 100, (d) 0.10, 


. The datasheet for a particular zener gives Vz = 10 V at Jz = 500 mA. Zz for these conditions is 


(a) 500 (b) 200, (c) 100 (d) unknown 


. A no-load condition means that 


(a) the load has infinite resistance (b) the load has zero resistance 


(c) the output terminals are open (d) answers(a) and (c) 


. A varactor diode exhibits 


(a) a variable capacitance that depends on reverse voltage 
(b) a variable resistance that depends on reverse voltage 
(c) a variable capacitance that depends on forward current 


(d) aconstant capacitance over a range of reverse voltages 


. An LED 
(a) emits light when reverse-biased (b) senses light when reverse-biased 
(c) emits light when forward-biased (d) acts as a variable resistance 

. Compared to a visible red LED, an infrared LED 


(a) produces light with shorter wavelengths (b) produces light of all wavelengths 


(c) produces only one color of light (d) produces light with longer wavelengths 


. Compared to incandescent bulbs, high-intensity LEDs 


(a) are brighter (b) have a much longer life 

(c) use less power (d) all of the above 

An OLED differs from a conventional LED in that it 

(a) requires no bias voltage 

(b) has layers of organic material in the place of a pn junction 
(c) can be implemented using an inkjet printing process 

(d) both (b) and (c) 


An infrared LED is optically coupled to a photodiode. When the LED is turned off, the reading 
on an ammeter in series with the reverse-biased photodiode will 


(a) not change (b) decrease 

(c) increase (d) fluctuate 

The internal resistance of a photodiode 

(a) increases with light intensity when reverse-biased 
(b) decreases with light intensity when reverse-biased 
(c) increases with light intensity when forward-biased 
(d) decreases with light intensity when forward-biased 
A laser diode produces 

(a) incoherent light (b) coherent light 

(c) monochromatic light (d) both (b) and (c) 

A diode that has a negative resistance characteristic is the 
(a) Schottky diode (b) tunnel diode (c) laser diode (d) hot-carrier diode 


In order for a system to function properly, the various types of circuits that make up the system 
must be 


(a) properly biased (b) properly connected (c) properly interfaced 
(d) all of the above (e) answers(a) and (b) 


Section 3-1 


Section 3-2 
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Answers to all odd-numbered problems are at the end of the book. 
BASIC PROBLEMS 
The Zener Diode 


1. A certain zener diode has a Vz = 7.5 V and an Zz = 5 () at a certain current. Draw the equiv- 
alent circuit. 


2. From the characteristic curve in Figure 3-67, what is the approximate minimum zener current 
(zx) and the approximate zener voltage at [7,? 


» FIGURE 3-67 
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3. When the reverse current in a particular zener diode increases from 20 mA to 30 mA, the zener 
voltage changes from 5.6 V to 5.65 V. What is the impedance of this device? 


4. A zener has an impedance of 15 0. What is its terminal voltage at 50 mA if Vz = 4.7 V at 
Iz = 25 mA? 


5. A certain zener diode has the following specifications: Vz = 6.8 V at 25°C and TC = 
+0.04%/°C. Determine the zener voltage at 70°C. 


Zener Diode Applications 


6. Determine the minimum input voltage required for regulation to be established in Figure 3-68. 
Assume an ideal zener diode with zx = 1.5 mA and Vz = 14 V. 


> FIGURE 3-68 R 
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7. Repeat Problem 6 with Zz = 20 Q and Vz = 14 V at30mA. 
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Section 3-3 


» FIGURE 3-69 


8. To what value must R be adjusted in Figure 3-69 to make /7 = 40 mA? Assume 
Vz = 12 Vat30mA and Zz = 300). 
9. A 20 V peak sinusoidal voltage is applied to the circuit in Figure 3-69 in place of the de 
source. Draw the output waveform. Use the parameter values established in Problem 8. 
10. A loaded zener regulator is shown in Figure 3-70. Vz = 5.1 Vatlz = 49 mA, /7x. = 1 mA, 
Zz = 70, and Izy, = 70 mA. Determine the minimum and maximum permissible load 
currents. 


» FIGURE 3-70 R 

Multisim file circuits are identified 2 NNN 

with a logo and are in the Problems 

folder on the companion website. Vin 1N4733A R, 


Filenames correspond to figure 
numbers (e.g., F03-70). 


11. Find the load regulation expressed as a percentage in Problem 10. Refer to Chapter 2, Equation 
2-15. 

12. Analyze the circuit in Figure 3—70 for percent line regulation using an input voltage from 6 V 
to 12 V with no load. Refer to Chapter 2, Equation 2-14. 

13. The no-load output voltage of a certain zener regulator is 8.23 V, and the full-load output is 
7.98 V. Calculate the load regulation expressed as a percentage. Refer to Chapter 2, Equation 
2-15. 

14. In a certain zener regulator, the output voltage changes 0.2 V when the input voltage goes from 
5 V to 10 V. What is the input regulation expressed as a percentage? Refer to Chapter 2, 
Equation 2-14. 

15. The output voltage of a zener regulator is 3.6 V at no load and 3.4 V at full load. Determine the 
load regulation expressed as a percentage. Refer to Chapter 2, Equation 2-15. 


The Varactor Diode 


16. Figure 3-71 is a curve of reverse voltage versus capacitance for a certain varactor. Determine 
the change in capacitance if Vp varies from 5 V to 20 V. 


» FIGURE 3-71 _ 50 
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> FIGURE 3-73 
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17. Refer to Figure 3-71 and determine the approximate value of Vp that produces 25 pF. 


18. What capacitance value is required for each of the varactors in Figure 3—72 to produce a reso- 
nant frequency of 1 MHz? 


> FIGURE 3-72 


Ve o——f 2 mH 


19. At what value must the voltage Vp be set in Problem 18 if the varactors have the characteristic 
curve in Figure 3-72? 
Section 3-4 Optical Diodes 


20. The LED in Figure 3—73(a) has a light-producing characteristic as shown in part (b). Neglecting 
the forward voltage drop of the LED, determine the amount of radiant (light) power produced 
in mW. 


Radiant (light) 


» FIGURE 3-74 
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(a) (b) 


21. Determine how to connect the seven-segment display in Figure 3-74 to display “5.” The maxi- 
mum continuous forward current for each LED is 30 mA and a +5 V dc source is to be used. 


A 
\ 

F) G (: 
== 

‘) D (: Decimal 
(eS Wi point 


22. Specify the number of limiting resistors and their value for a series-parallel array of 48 red 
LEDs using a 9 V de source for a forward current of 20 mA. 


23. Develop a yellow LED traffic-light array using a minimum number of limiting resistors that 
operates from a 24 V supply and consists of 100 LEDs with J; = 30 mA and an equal number 
of LEDs in each parallel branch. Show the circuit and the resistor values. 


24. For a certain photodiode at a given irradiance, the reverse resistance is 200 kQ, and the reverse 
voltage is 10 V. What is the current through the device? 
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(a) (b) (c) 
A FIGURE 3-75 


25. What is the resistance of each photodiode in Figure 3-75? 


26. When the switch in Figure 3—76 is closed, will the microammeter reading increase or decrease? 
Assume D, and D3 are optically coupled. 


» FIGURE 3-76 
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Section 3-5 Other Types of Diodes 


27. The V-/ characteristic of a certain tunnel diode shows that the current changes from 0.25 mA to 
0.15 mA when the voltage changes from 125 mV to 200 mV. What is the resistance? 


28. In what type of circuit are tunnel diodes commonly used? 
29. What purpose do the reflective surfaces in the laser diode serve? Why is one end only partially 
reflective? 
Section 3-6 Troubleshooting 


30. For each set of measured voltages at the points (1, 2, and 3) indicated in Figure 3-77, deter- 
mine if they are correct and if not, identify the most likely fault(s). State what you would do to 
correct the problem once it is isolated. The zener is rated at 12 V. 


(a) V; = 120 Vrms, V = 30 V de, V3 = 12 V de 

(b) V; = 120 Vrms, Vy = 30 V de, V3 = 30 V de 

(c) Vi = OV, V2 = OV, V3 = OV 

(d) V; = 120 Vrms, V2 = 30 V peak full-wave 120 Hz, V3 = 12 V, 120 Hz pulsating voltage 
(e) V; = 120 Vrms, Vy = 9V, V3 = OV 


ll 


Power on F 


120 V ac 


R 
AM © Vout 


All 1N4001 
A FIGURE 3-77 


OV 


120 V 


31. 
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What is the output voltage in Figure 3-77 for each of the following faults? 
(a) Ds open (b) R open (c) C leaky (d) C open 
(e) D3 open (f) D> open (g) T open (h) F open 


APPLICATION ACTIVITY PROBLEMS 


32. 


Based on the indicated voltage measurements with respect to ground in Figure 3—78(a), deter- 
mine the probable fault(s). 


16.4 V de 12.6 V rms 


10.5 V de 


DDOOO 


120 V 


(b) 


A FIGURE 3-78 


33. 
34. 


35. 


Determine the probable fault(s) indicated by the voltage measurements in Figure 3—78(b). 

List the possible reasons for the LED in Figure 3—78 not emitting light when the power supply 
is plugged in. 

If a 1 kQ, load resistor is connected from the output pin to ground on a properly operating power 
supply circuit like shown in Figure 3-78, how much power will the 7812 regulator dissipate? 


DATASHEET PROBLEMS 


36. 


37. 


38. 


Refer to the zener diode datasheet in Figure 3—7. 

(a) What is the maximum de power dissipation at 25°C for a 1N4738A? 

(b) Determine the maximum power dissipation at 70°C and at 100°C for a 1IN4751A. 
(c) What is the minimum current required by the 1N4738A for regulation? 

(d) What is the maximum current for the 1N4750A at 25°C? 


(e) The current through a 1N4740A changes from 25 mA to 0.25 mA. How much does the 
zener impedance change? 


Refer to the varactor diode datasheet in Figure 3-24. 

(a) What is the maximum forward current for the 832A? 

(b) What is the maximum capacitance of an 830A at a reverse voltage of 2 V? 
(c) What is the maximum capacitance range of an 836A? 

Refer to the LED datasheet in Figure 3-34. 

(a) Can 9 V be applied in reverse across an TSMF1000 LED? 


(b) Determine the typical value of series resistor for the TSMF1000 when a voltage of 5.1 V is 
used to forward-bias the diode with Jp = 20 mA. 


(c) Assume the forward current is 50 mA and the forward voltage drop is 1.5 V at an ambient 
temperature of 15°C. Is the maximum power rating exceeded? 


(d) Determine the radiant intensity for a forward current of 40 mA. 
(e) What is the radiant intensity at an angle of 20° from the axis if the forward current is 100 mA? 
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39. Refer to the photodiode datasheet in Figure 3-47. 


(a) An TEMD1000 is connected in series with a 1 k© resistor and a reverse-bias voltage 


source. There is no incident light on the diode. What is the maximum voltage drop across 
the resistor? 


(b) At what wavelength will the reverse current be the greatest for a given irradiance? 
(c) At what wavelength is relative spectral sensitivity of the TEMD1000 equal to 0.4? 


ADVANCED PROBLEMS 
40. Develop the schematic for the circuit board in Figure 3-79 and determine what type of circuit it is. 


>» FIGURE 3-79 
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Rectifier diodes: IN4001A 
Zener diodes: D1-1N4736A, D2-1N4749A 
Filter capacitors: 100 wF 


41. Ifa30 V rms, 60 Hz input voltage is connected to the ac inputs, determine the output voltages 
on the circuit board in Figure 3-79. 


42. If each output of the board in Figure 3-79 is loaded with 10 kQ, what fuse rating should be used? 


43. Design a zener voltage regulator to meet the following specifications: The input voltage is 24 V dc, 
the load current is 35 mA, and the load voltage is 8.2 V. 


44, The varactor-tuned band-pass filter in Figure 3-27 is to be redesigned to produce a bandwidth 
of from 350 kHz to 850 kHz within a 10% tolerance. Specify what change you would have to 
make using the graph in Figure 3-80. 


>» FIGURE 3-80 200 
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45. Design a seven-segment red LED display circuit in which any of the ten di 
using a set of switches. Each LED segment is to have a current of 20 mA 4 
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gits can be displayed 
t 10% froma 12 V 


source and the circuit must be designed with a minimum number of switches. 


46. If you used a common-anode seven-segment display in Problem 45, redesign it for a common- 


cathode display or vice versa. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the companion website. 


47. Open file TSP03-47 and determine the fault. 
48. Open file TSP03-48 and determine the fault. 
49. Open file TSP03-49 and determine the fault. 
50. Open file TSP03-50 and determine the fault. 


170 ¢ SpECIAL-PURPOSE DIODES EP 


GreenTech Application 3: Solar Power 


In GreenTech Application 1, the photovoltaic cell and a basic solar power system were in- 
troduced. In GreenTech Application 2, the charge controller was covered. In this chapter, 
the inverter is introduced. The system block diagram is shown again in Figure GA3-1. 


= = 5 
__» [l@harge 
controller 


Solar panel 


Batteries j > Inverter To ac load 


A FIGURE GA3-1 


The Inverter The inverter is a dc-to-ac converter that takes the output of the batteries in a 
solar power system and converts it to a standard 120 V, 60 Hz output voltage. This is the same 
as the voltage provided by the electric utilities companies. Some inverters can produce 240 V. 


Basically, an inverter switches the dc output of the storage battery on and off and 
processes the result to create a pure sine wave, a stepped wave called a modified or quasi 
sine wave (sometimes called a modified square wave), or a square wave. Most inverters 
produce a pure sine wave, which is the type that the power company generates. Other out- 
puts are found in cheaper inverters and are limited to providing power at lower efficien- 
cies to only certain types of loads. The square wave inverter is seldom used, although it 
can be used as the basis for generating a pure sine wave. These three types of inverter out- 
puts are shown in Figure GA3-2. 


Sine wave Modified (quasi) sine wave Square wave 


A FIGURE GA3-2 


Types of inverter outputs. 


Recall from your dc/ac course that the harmonic content of a square wave includes a fun- 
damental sine wave at the frequency of the square wave and a series of odd harmonics. 
One method of implementing a relatively pure sine wave inverter uses a dc to square 
wave inverter. The square wave is processed through a filter system to eliminate all of the 
odd harmonics, leaving only the fundamental sine wave, as illustrated in Figure GA3-3. 
A step-up transformer is used to produce the required 120 V, 60 Hz sine wave. 


DC input 
P DC to square- 
from —>| ; Transformer 
wave inverter 
battery 


120 V, 60 Hz 


A FIGURE GA3-3 


Basic concept of a pure sine wave inverter. 
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A switching circuit can be used in the conversion of de voltage to an ac square wave volt- 
age. One method is illustrated in Figure GA3-4 where switch symbols are used to repre- 
sent switching transistors such as CMOS, which is discussed in Chapter 9. In part (a), 
switches $2 and S3 are on for a specified time and S1 and S4 are off. The direct current 
is through the load as shown creating a positive output voltage, as indicated. In part (b), 
opposite switches are on and off. The current is in the opposite direction through the load 
and the output voltage is negative. The complete on/off cycle of the switches produces an 
alternating square wave. The transistors are switched by a timing control circuit which is 
not shown for simplicity. The load is the filter in the pure sine wave inverter. 


(b) 


A FIGURE GA3-4 


A method of producing a square wave from a dc voltage. 


Inverters can have two types of interface: stand-alone and grid-tie. The stand-alone in- 
verter is used in applications where all of the output power is used for a specified load, 
such as lighting, appliances, and motors, and is independent of the electrical power grid. 
Figure GA3-1 represents a stand-alone system. The grid-tie inverter is used in applica- 
tions where all or part of the output power is provided to the electrical gird. For example, 
a home solar power system may share excess power not used in the home with the power 
company for credit if net metering is available. Some power companies have a net meter- 
ing policy in which a special meter is installed and all power going to the electrical grid is 
deducted from power used by the on-site consumer. A large solar power system may be 
entirely devoted to producing power for the electrical gird. 


The Grid-Tie System A grid-tie inverter (GTI) must synchronize its ac output frequency 
(60 Hz) and phase with that of the grid, limit its amplitude for compatibility with the grid, 
and adjust its power factor to unity (voltage and current in phase). For safety reasons, 
grid-tie inverters have to disconnect from the grid if the grid goes down in a blackout. An 
option with grid-tie systems is that the solar panel can connect directly to the inverter 
with no battery backup. However, batteries allow the consumer to have energy available 
when they lose power from the grid. Figure GA3-—5 shows the basic concept of a grid-tie 
solar power system with backup batteries. 


During normal operation, the grid is supplying electrical power to the user and the power 
from the grid-tie inverter is fed back into the gird through the distribution and control 
circuits for credit from the power company. If the grid goes down, the ac disconnect pre- 
vents the power from the grid-tie inverter from feeding into the solar power is then 
switched directly to the user. 


QUESTIONS 


Some questions may require research beyond the content of this coverage. Answers can 
be found at www.pearsonhighered.com/floyd. 


1. What is the difference between a stand-alone inverter and a grid-tie inverter? 


2. What are two types of inverters in terms of the output waveforms? 
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A FIGURE GA3-5 


Basic concept of grid-tie solar power system with battery backup. 


3. How much average power should a solar power system for your home produce for 
the month of January? Hint: Use your utility bill. 


4. Is net metering available in your area? 
5. What is the range of inverters in terms of power that are commercially available? 
The following websites are recommended for viewing solar inverters in action. Many 
other websites are also available. WwW 
http://www. youtube.com/watch?v=ra9gp21RpDU 
http://www. youtube.com/watch?v=hANiSNbc Y5g&feature=related 
http://www. youtube.com/watch?v=mXi-sS7veFw&NR=1 
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4-1 Bipolar Junction Transistor (BJT) Structure Study aids and Multisim files for this chapter are available at 
42 Basic BJT Operation http://www. pearsonhighered.com/electronics 

4-3 BJT Characteristics and Parameters 

4-4 _ The BJT as an Amplifier 


4-5 The BJT as a Switch The invention of the transistor was the beginning of a tech- 
4-6 _ The Phototransistor nological revolution that is still continuing. All of the com- 
4-J Transistor Categories and Packaging plex electronic devices and systems today are an outgrowth 
4-8 Troubleshooting of early developments in semiconductor transistors. ve 
ay NICE Oth aE Two basic types of transistors are the bipolar junction i 
PP ty transistor (BJT), which we will begin to study in this chapter, t 
GreenTech Application 4: Solar Power and the field-effect transistor (FET), which we will cover in » 


later chapters. The BJT is used in two broad areas—as a 


linear amplifier to boost or amplify an electrical signal and _ 
\ ; as an electronic switch. Both of these applications are - 
Describe the basic structure of the BJT introduced in this chapter. a 


Discuss basic BJT operation 


Discuss basic BJT parameters and characteristics and ana- 


lyze transistor circuits ; 
Suppose you work for a company that makes a security 


BSUS eo BUS a aworetmplifier alarm system for protecting homes and businesses against 


Discuss how a BJT is used as a switch illegal entry. You are given the responsibility for final devel- 

Discuss the phototransistor and its operation opment and for testing each system before it is shipped out. 

Identify various types of transistor packages The first step is to learn all you can about transistor opera- i 

qty. ee ; om, tion. You will then apply your knowledge to the Application = 

Troubleshoot faults in transistor circuits Activity at the end of the chapter. \ 
_— 
—s 
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4-1 BIPOLAR JUNCTION TRANSISTOR (BJT) STRUCTURE 


The basic structure of the bipolar junction transistor (BJT) determines its operating char- 
acteristics. In this section, you will see how semiconductive materials are used to form a 
BJT, and you will learn the standard BJT symbols. 


After completing this section, you should be able to 


a Describe the basic structure of the BJT 
« Explain the difference between the structure of an npn and a pnp transistor 
¢ Identify the symbols for npn and pnp transistors ¢# Name the three regions of a 
BJT and their labels 


The BJT is constructed with three doped semiconductor regions separated by two pn 
junctions, as shown in the epitaxial planar structure in Figure 4—1(a). The three regions 
are called emitter, base, and collector. Physical representations of the two types of 
BJTs are shown in Figure 4—1(b) and (c). One type consists of two n regions separated by 
a p region (npn), and the other type consists of two p regions separated by an n region 
(pnp). The term bipolar refers to the use of both holes and electrons as current carriers in 
the transistor structure. 


C (collector) c 


Metalized contacts Oxide | 


a | NS | Base-Collector Pp 
—— B junction : 
(base) Base-Emitter 
junction P 
E (emitter) E 
(a) Basic epitaxial planar structure (b) npn (c) pnp 


A FIGURE 4-1 


Basic BJT construction. 


The pn junction joining the base region and the emitter region is called the base-emitter 
junction. The pn junction joining the base region and the collector region is called the 
base-collector junction, as indicated in Figure 4—1(b). A wire lead connects to each of the 
three regions, as shown. These leads are labeled E, B, and C for emitter, base, and collec- 
tor, respectively. The base region is lightly doped and very thin compared to the heavily 
HISTORY NOTE doped emitter and the moderately doped collector regions. (The reason for this is discussed 
in the next section.) Figure 4—2 shows the schematic symbols for the npn and pnp bipolar 
junction transistors. 


>» FIGURE 4-2 Cc Cc 


Standard BJT (bipolar junction 
transistor) symbols. 


(a) npn (b) pnp 
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the two types of BJTs according to their structure. 
BJT is a three-terminal device. Name the three terminals. 
separates the three regions in a BJT? 


4-2 


Basic BJT OPERATION 


In order for a BJT to operate properly as an amplifier, the two pn junctions must be 
correctly biased with external dc voltages. In this section, we mainly use the npn 
transistor for illustration. The operation of the pnp is the same as for the npn except 
that the roles of the electrons and holes, the bias voltage polarities, and the current 
directions are all reversed. 


After completing this section, you should be able to 


4 Discuss basic BJT operation 
4 Describe forward-reverse bias 
¢ Show how to bias pnp and npn BJTs with de sources 
a Explain the internal operation of a BJT 
¢ Discuss the hole and electron movement 
4 Discuss transistor currents 
¢ Calculate any of the transistor currents if the other two are known 


Biasing 
Figure 4—3 shows a bias arrangement for both npn and pnp BJTs for operation as an 


amplifier. Notice that in both cases the base-emitter (BE) junction is forward-biased and the 
base-collector (BC) junction is reverse-biased. This condition is called forward-reverse bias. 


<4 FIGURE 4-3 


BC reverse- BC reverse- 


biased 


a 


Forward-reverse bias of a BJT. 


BE forward- BE forward- 


biased 


biased 


(b) pnp 


Operation 


To understand how a transistor operates, let’s examine what happens inside the npn structure. 
The heavily doped n-type emitter region has a very high density of conduction-band (free) 
electrons, as indicated in Figure 4—4. These free electrons easily diffuse through the forward- 
based BE junction into the lightly doped and very thin p-type base region, as indicated by the 
wide arrow. The base has a low density of holes, which are the majority carriers, as repre- 
sented by the white circles. A small percentage of the total number of free electrons injected 
into the base region recombine with holes and move as valence electrons through the base re- 
gion and into the emitter region as hole current, indicated by the red arrows. 
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Equation 4-1 


Collector lead 
(metallic) 


Electrons that 
recombined 
with holes in 
the base region 


COLLECTOR (n-type) 


~<~— BC junction depletion region 


} BASE (p-type) 


Base lead < BE junction depletion region 


(metallic) 


Minority 
(hole) 
current 


EMITTER (n-type) 


Emitter lead 
(metallic) 


A FIGURE 4-4 


BJT operation showing electron flow. 


When the electrons that have recombined with holes as valence electrons leave the crys- 
talline structure of the base, they become free electrons in the metallic base lead and pro- 
duce the external base current. Most of the free electrons that have entered the base do not 
recombine with holes because the base is very thin. As the free electrons move toward the 
reverse-biased BC junction, they are swept across into the collector region by the attraction 
of the positive collector supply voltage. The free electrons move through the collector re- 
gion, into the external circuit, and then return into the emitter region along with the base 
current, as indicated. The emitter current is slightly greater than the collector current be- 
cause of the small base current that splits off from the total current injected into the base 
region from the emitter. 


Transistor Currents 


The directions of the currents in an npn transistor and its schematic symbol are as shown in 
Figure 4—5(a); those for a pnp transistor are shown in Figure 4—5(b). Notice that the arrow 
on the emitter inside the transistor symbols points in the direction of conventional current. 
These diagrams show that the emitter current (Jp) is the sum of the collector current (/c) 
and the base current (Jp), expressed as follows: 


Ig =Ict+Iz 


As mentioned before, /g is very small compared to Jz or Jc. The capital-letter subscripts 
indicate dc values. 


BJT CHARACTERISTICS AND PARAMETERS ® 177 


(a) npn (b) pnp 


A FIGURE 4-5 


Transistor currents. 


conditions of the base-emitter and base-collector junctions for a 
ite as an amplifier? 


t of the three transistor currents? 

smaller or larger than the emitter current? 

much thinner or much wider than the collector and emitter regions? 
nt is 1 mA and the base current is 10 A, what is the emitter current? 


4-3 BJT CHARACTERISTICS AND PARAMETERS 


Two important parameters, Bpc (de current gain) and apc are introduced and used to 
analyze a BJT circuit. Also, transistor characteristic curves are covered, and you will 
learn how a BJT’s operation can be determined from these curves. Finally, maximum 
ratings of a BJT are discussed. 


After completing this section, you should be able to 


4 Discuss basic BJT parameters and characteristics and analyze transistor 
circuits 

4 Define dc beta (Bpc) and de alpha (apc) 
¢ Calculate (Gpc) and (apc) based on transistor current 

IB ye ab ‘model JT 
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> FIGURE 4-6 


Transistor dc bias circuits. 


Equation 4-2 


When a transistor is connected to dc bias voltages, as shown in Figure 4-6 for both npn 
and pnp types, Vgp forward-biases the base-emitter junction, and Vcc reverse-biases the 
base-collector junction. Although in this chapter we are using separate battery symbols to 
represent the bias voltages, in practice the voltages are often derived from a single dc 
power supply. For example, Vcc is normally taken directly from the power supply output 
and Vgp (which is smaller) can be produced with a voltage divider. Bias circuits are exam- 
ined thoroughly in Chapter 5. 


(a) npn (b) pnp 


DC Beta (Bp) and DC Alpha (apo) 


The dc current gain of a transistor is the ratio of the dc collector current (Jc) to the de base 
current (/p) and is designated dc beta (Bpc). 


Boc = Te 

Typical values of Bpc range from less than 20 to 200 or higher. Bpc is usually designated 
as an equivalent hybrid (h) parameter, ipp, on transistor datasheets. h-parameters are cov- 
ered in Chapter 6. All you need to know now is that 


hep = Bpc 
The ratio of the de collector current (/¢) to the dc emitter current (/g) is the dc alpha 
(@pc). The alpha is a less-used parameter than beta in transistor circuits. 
iG 


apc — I 
E 


Typically, values of apc range from 0.95 to 0.99 or greater, but apc is always less than 1. 
The reason is that Jc is always slightly less than Jg by the amount of Jg. For example, if 
Tg = 100 mA and J/g = 1 mA, then J¢ = 99 mA and apc = 0.99. 


EXAMPLE 4-1 


Solution 


Related Problem* 


Determine the de current gain Bpc and the emitter current /, for a transistor where 

Tg = 50 pA and Ic = 3.65 mA. 
mie) 50 uA 
Tz = Ic a Iz = 3.65mA + 50 wA = 3.70mA 


= 73 


A certain transistor has a Bpc of 200. When the base current is 50 wA, determine the 
collector current. 


“Answers can be found at www.pearsonhighered.com/floyd 
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Transistor DC Model 


You can view the unsaturated BJT as a device with a current input and a dependent cur- 
rent source in the output circuit, as shown in Figure 4—7 for an npn.The input circuit is a 
forward-biased diode through which there is base current. The output circuit is a depen- 
dent current source (diamond-shaped element) with a value that is dependent on the base 


current, Jp, and equal to Bpclg. Recall that independent current source symbols have a 
circular shape. 


Tz Io 
Base o © Collector 
+ 
Ver Bpclp Vor 
° O 
Emitter 


BJT Circuit Analysis 


Consider the basic transistor bias circuit configuration in Figure 4-8. Three transistor dc 
currents and three dc voltages can be identified. 


Tp: dc base current 

Tp: de emitter current 

Ic: de collector current 

Vpge: de voltage at base with respect to emitter 
Vcp: de voltage at collector with respect to base 


Vcr: de voltage at collector with respect to emitter 


< FIGURE 4-8 


Transistor currents and voltages. 


The base-bias voltage source, Vgp, forward-biases the base-emitter junction, and the 
collector-bias voltage source, Voc, reverse-biases the base-collector junction. When the 
base-emitter junction is forward-biased, it is like a forward-biased diode and has a nominal 
forward voltage drop of 


Ver & 0.7V 


Although in an actual transistor Vgp can be as high as 0.9 V and is dependent on current, 
we will use 0.7 V throughout this text in order to simplify the analysis of the basic con- 
cepts. Keep in mind that the characteristic of the base-emitter junction is the same as a nor- 
mal diode curve like the one in Figure 2-12. 

Since the emitter is at ground (0 V), by Kirchhoff’s voltage law, the voltage across Rp is 


Very = Vea — VBE 


<@ FIGURE 4-7 


Ideal dc model of an npn transistor. 


Equation 4-3 
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Equation 4—4 


Equation 4-5 


Equation 4-6 


Also, by Ohm’s law, 
Ve, = IpRp 
Substituting for Vp, yields 
IgRp = Vea — Vee 
Solving for Jp, 


Vea — VBE 
Rg 


The voltage at the collector with respect to the grounded emitter is 
Ven = Vor = Vien 
Since the drop across Rc is 
Veo = IcRe 
the voltage at the collector with respect to the emitter can be written as 
Vcr = Vcc — IcKc 


where Ic = Bpclp. 
The voltage across the reverse-biased collector-base junction is 


Vcp = Vcr — Var 


3 in the circuit of Figure 4-9. The transistor has 


5V-O7V _ 
roe A 


mA + 430 uA = 64.9mA 


— (64.5 mA)(100.Q) = 10V — 6.45 V = 3.55V 
0.7 V = 2.85V 


than the base, the collector-base junction is 
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Related Problem Determine Tp, Ic, Ig, Vcp, and Vcp in Figure 4—9 for the following values: Rg = 22 kQ, 
Ro = 220 OF Vezn = 6 V, Voc = 9 V, and Bpc = 90. 


Open the Multisim file E04-02 in the Examples folder on the companion website. 
Measure each current and voltage and compare with the calculated values. 


Collector Characteristic Curves 


Using a circuit like that shown in Figure 4—10(a), a set of collector characteristic curves 
can be generated that show how the collector current, Jc, varies with the collector-to- 
emitter voltage, Vcr, for specified values of base current, J/g. Notice in the circuit diagram 
that both Vgp and Vcc are variable sources of voltage. 

Assume that Vpp is set to produce a certain value of Jp and Vcc is zero. For this condi- 
tion, both the base-emitter junction and the base-collector junction are forward-biased be- 
cause the base is at approximately 0.7 V while the emitter and the collector are at 0 V. The 
base current is through the base-emitter junction because of the low impedance path to 


Rc 
WW 
Ic 
Rp 7 + 
Wn BE 
CE a cc 
+ Iz _ 
Vie 
o 
(a) Circuit 
Ic Io 
A 
Cc 

| 

} 
} 
! | 
} 
I 
I 
! } 
! | 
I 
| 
| 
! } 
| 
| 
| 
! | 
| 
| 
| Cutoff region 

| 
| >V, >V 

T CE CE 

0 0.7 V Vormax) 
\Saturation! | Breakdown (c) Family of Jc versus Vcop curves for several values of I, 


- Mg A riiy, ion ————_———_——_ | i 
region i Active region region (Ipi< Tgo< Tp3, etc.) 


(b) Jc versus Voz curve for one value of J, 


A FIGURE 4-10 


Collector characteristic curves. 
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ground and, therefore, Jc is zero. When both junctions are forward-biased, the transistor is 
in the saturation region of its operation. Saturation is the state of a BJT in which the col- 
lector current has reached a maximum and is independent of the base current. 

As Vcc is increased, Vog increases as the collector current increases. This is indicated 
by the portion of the characteristic curve between points A and B in Figure 4—10(b). J¢ in- 
creases as Vcc is increased because Vcg remains less than 0.7 V due to the forward-biased 
base-collector junction. 

Ideally, when Vcg exceeds 0.7 V, the base-collector junction becomes reverse-biased 
and the transistor goes into the active, or linear, region of its operation. Once the base- 
collector junction is reverse-biased, Jc levels off and remains essentially constant for a 
given value of Jp as Vcg continues to increase. Actually, Jc increases very slightly as Vog 
increases due to widening of the base-collector depletion region. This results in fewer 
holes for recombination in the base region which effectively causes a slight increase in 
Bpc. This is shown by the portion of the characteristic curve between points B and C in 
Figure 4—10(b). For this portion of the characteristic curve, the value of Jc is determined 
only by the relationship expressed as Jc = Bpclp. 

When Vcg reaches a sufficiently high voltage, the reverse-biased base-collector junc- 
tion goes into breakdown; and the collector current increases rapidly as indicated by the 
part of the curve to the right of point C in Figure 4—-10(b). A transistor should never be op- 
erated in this breakdown region. 

A family of collector characteristic curves is produced when Jc versus Veg is plotted for 
several values of Jp, as illustrated in Figure 4-10(c). When Jp = 0, the transistor is in the 
cutoff region although there is a very small collector leakage current as indicated. Cutoff 
is the nonconducting state of a transistor. The amount of collector leakage current for 
Ig = 0 is exaggerated on the graph for illustration. 


EXAMPLE 4-3 


Solution 


Sketch an ideal family of collector curves for the circuit in Figure 4-11 for Jp = 5 wA to 
25 A in 5 pA increments. Assume Bpc = 100 and that Vc does not exceed breakdown. 


» FIGURE 4-11 


Using the relationship Jc = Bpclp, values of Jc are calculated and tabulated in Table 4-1. 
The resulting curves are plotted in Figure 4-12. 


» TABLE 4-1 
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0] 0.7V 


A FIGURE 4-12 


Voce 


5 
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Related Problem Where would the curve for Jz = 0 appear on the graph in Figure 4-12, neglecting col- 


lector leakage current? 


Cutoff 


As previously mentioned, when /g = 0, the transistor is in the cutoff region of its opera- 
tion. This is shown in Figure 4-13 with the base lead open, resulting in a base current of 
zero. Under this condition, there is a very small amount of collector leakage current, JcKo, 
due mainly to thermally produced carriers. Because I¢go is extremely small, it will usually 
be neglected in circuit analysis so that Veg = Voc. In cutoff, neither the base-emitter nor 
the base-collector junctions are forward-biased. The subscript CEO represents collector- 
to-emitter with the base open. 


Re <@ FIGURE 4-13 


Cutoff: Collector leakage current 
(IcgQ) is extremely small and is 
usually neglected. Base-emitter and 
In=0 7 base-collector junctions are 
reverse-biased. 


Saturation 


When the base-emitter junction becomes forward-biased and the base current is in- 
creased, the collector current also increases (Ic = Bpc/p) and Vcr decreases as a result of 
more drop across the collector resistor (Vcg = Voc — [cRc). This is illustrated in Figure 
4—14. When Vcg reaches its saturation value, Vcf(sat), the base-collector junction be- 
comes forward-biased and /¢ can increase no further even with a continued increase in Jp. 
At the point of saturation, the relation Jc = Bpclg is no longer valid. Vcg,saty for a tran- 
sistor occurs somewhere below the knee of the collector curves, and it is usually only a 
few tenths of a volt. 
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> FIGURE 4-15 


DC load line on a family of collector 
characteristic curves illustrating the 
cutoff and saturation conditions. 


> FIGURE 4-14 


Saturation: As J, increases due to in- 
creasing Vpp, Ic also increases and Vc 
decreases due to the increased voltage 
drop across Rc. When the transistor 
reaches saturation, /c can increase no 
further regardless of further increase 
in /g. Base-emitter and base-collector 
junctions are forward-biased. 


DC Load Line 


Cutoff and saturation can be illustrated in relation to the collector characteristic curves 
by the use of a load line. Figure 4—15 shows a dc load line drawn on a family of curves 
connecting the cutoff point and the saturation point. The bottom of the load line is at 
ideal cutoff where Jc = 0 and Vcg = Vcc. The top of the load line is at saturation where 
To = Ic(saty and Veg = Ver (sat). In between cutoff and saturation along the load line is 
the active region of the transistor’s operation. Load line operation is discussed more in 
Chapter 5. 


Saturation 
of C(sat) 


Cutoff 


Voce 
O1 Veg (sat) Vec 


EXAMPLE 4-4 


Determine whether or not the transistor in Figure 4—16 is in saturation. Assume 
VE (sat) = 0.2 V. 


» FIGURE 4-16 
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Solution First, determine Ic(sat). 


Vee — Versaty 10V—-02V 98V 


I - = = 9.8mA 
anes ie 1.0kO 1.0kO 
Now, see if Jp is large enough to produce Ic (sat). 
Vep — V, SW = OW BBY 
ss = = 0.23 mA 


Rg 10kQ 10kQ 
Ic = Boclg = (50)(0.23 mA) = 11.5mA 
This shows that with the specified Bpc, this base current is capable of producing an 
Ic greater than J¢,s,). Therefore, the transistor is saturated, and the collector current 


value of 11.5 mA is never reached. If you further increase Jp, the collector current 
remains at its saturation value of 9.8 mA. 


Related Problem Determine whether or not the transistor in Figure 4-16 is saturated for the following 
values: Bpc = IDSs, Vpp = 1.5 V, Rpg = 6.8 kQ, Re = 180 OF and Vec = 12V. 


Open the Multisim file E04-04 in the Examples folder on the companion website. 
Determine if the transistor is in saturation and explain how you did this. 
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More About Bpc 


The Bpc or fgg is an important BJT parameter that we need to examine further. Bpc is not 
truly constant but varies with both collector current and with temperature. Keeping the 
junction temperature constant and increasing Jc causes Bpc to increase to a maximum. A 
further increase in Jc beyond this maximum point causes Bpc to decrease. If Jc is held con- 
stant and the temperature is varied, Bpc changes directly with the temperature. If the tem- 
perature goes up, Bpc goes up and vice versa. Figure 4-17 shows the variation of Bpc with 
Ic and junction temperature (7}) for a typical BJT. 


70 


Ty = 125°C. 


wn 
oO 


w 
So 


Minimum current gain (Bpc) 
nN 
S 


1.0 2.0 3.0 5.0 7.0 10 20 30 50 70 100 200 


Ic, collector current (mA) 
A FIGURE 4-17 


Variation of Bpc with Ic for several temperatures. 


A transistor datasheet usually specifies Bpc (Apg) at specific J¢ values. Even at fixed 
values of Jc and temperature, Bpc varies from one device to another for a given type of 
transistor due to inconsistencies in the manufacturing process that are unavoidable. The 
Bpc specified at a certain value of Jc is usually the minimum value, Bpcimin), although the 
maximum and typical values are also sometimes specified. 
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Maximum Transistor Ratings 


A BJT, like any other electronic device, has limitations on its operation. These limitations 
are stated in the form of maximum ratings and are normally specified on the manufac- 
turer’s datasheet. Typically, maximum ratings are given for collector-to-base voltage, 
collector-to-emitter voltage, emitter-to-base voltage, collector current, and power dissipation. 
The product of Vcg and Jc must not exceed the maximum power dissipation. Both Veg 
and Jc cannot be maximum at the same time. If Vcg is maximum, /c can be calculated as 
P. D(max) 
Ic te SY 
Voce 


If Jc is maximum, Vcr can be calculated by rearranging the previous equation as follows: 


Pp max) 


Vi — 
CE Ie 


For any given transistor, a maximum power dissipation curve can be plotted on the col- 
lector characteristic curves, as shown in Figure 4—18(a). These values are tabulated in 
Figure 4—18(b). Assume Ppmax) 18 500 mW, Vermax) is 20 V, and Jc¢maxy is 50 mA. The 
curve shows that this particular transistor cannot be operated in the shaded portion of the 
graph. I¢(max) 18 the limiting rating between points A and B, Ppimax) is the limiting rating 
between points B and C, and Veg (max) is the limiting rating between points C and D. 


Ic (mA) 
60 
B 
To(max) — 50 
40 
30 7a 
20 
10 | Ppcmax) | Vor | Ic 
l s00mw] SV | 100mA 
0 $— Ver (V) — 500mw| 10V | SOmA 
5 10 15 20 500mw | 15V | 33mA 
4 soomw] 20V | 25mA 


Vocrmax) 
(a) (b) 


A FIGURE 4-18 


Maximum power dissipation curve and tabulated values. 


EXAMPLE 4-5 


Solution 


Related Problem 


A certain transistor is to be operated with Vcg = 6 V. If its maximum power rating is 
250 mW, what is the most collector current that it can handle? 


Ppcmax) 250mW 


je = = 41.7mA 
on aie 6V a 


This is the maximum current for this particular value of Vc. The transistor can handle 
more collector current if Vcg is reduced, as long as Ppymax) aNd c(max) are not exceeded. 


If Ppimax) = 1 W, how much voltage is allowed from collector to emitter if the transis- 
tor is operating with J- = 100 mA? 
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EXAMPLE 4-6 The transistor in Figure 4—19 has the following maximum ratings: Pp(max) = 800 mW, 
Verimax) = 15 V, and Jcqnax) = 100 mA. Determine the maximum value to which Vcc 
can be adjusted without exceeding a rating. Which rating would be exceeded first? 


» FIGURE 4-19 


Solution First, find Zp so that you can determine Jc. 


meee 5 V — 0:7V 
Ig = = = 195 pA 
B Re 22kO me 


it enelp = (100)(195 2A) = 19.5mA 


Tc is much less than J¢(maxy and ideally will not change with Vcc. It is determined only 


by Iz and Bpoc- 
The voltage drop across Rc is 


Veeeeke — (9 5 mA1 OKO) = 19.5 V 
Now you can determine the value of Veg when Veg = Vegimax) = 15 V. 
Wee Veo — Vce 
So, 
Veet CHmax) 1 (Ve. — 15 V + 195 V = 345V 


Vcc can be increased to 34.5 V, under the existing conditions, before Vogymax) iS 
exceeded. However, at this point it is not known whether or not Ppmax) has been 
exceeded. 


Pp = VeR(maxylc — as V)(19.5 mA) = 293 mW 


Since Ppimax) is 800 mW, it is not exceeded when Vcc = 34.5 V. So, Veg imax) = 15 V 
is the limiting rating in this case. If the base current is removed causing the transistor 
to turn off, Veg~max) Will be exceeded first because the entire supply voltage, Vcc, 
will be dropped across the transistor. 


Related Problem The transistor in Figure 4—19 has the following maximum ratings: Ppymax) = 500 mW, 
Ver(max) = 25 V, and Ic(max) = 200 mA. Determine the maximum value to which Vcc 
can be adjusted without exceeding a rating. Which rating would be exceeded first? 


Derating Pp(max) 


Ppvmax) 18 usually specified at 25°C. For higher temperatures, Ppimax) is less. Datasheets 
often give derating factors for determining Ppimax) at any temperature above 25°C. For 
example, a derating factor of 2 mW/°C indicates that the maximum power dissipation is 
reduced 2 mW for each degree Celsius increase in temperature. 
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EXAMPLE 4-7 


Solution 


Related Problem 


A certain transistor has a Pp(max) Of 1 W at 25°C. The derating factor is 5 mW/°C. 
What is the Ppymax) at a temperature of 70°C? 


The change (reduction) in Ppymax) is 
nee om ©)(70 © — 25°C) = (Ss mW/°C)(45°C) = 225 mW 
Therefore, the Ppimax) at 70°C is 
1W — 225mW = 775 mW 


A transistor has a Ppgnax) = 5 W at 25°C. The derating factor is 10 mW/°C. What is 
the PDcmax) at TOZE?, 


BJT Datasheet 


A partial datasheet for the 2N3904 npn transistor is shown in Figure 4—20. Notice that 
the maximum collector-emitter voltage (VcgRQ) is 40 V. The CEO subscript indicates that 
the voltage is measured from collector (C) to emitter (E) with the base open (O). In the text, 
we use Vcg(max) for this parameter. Also notice that the maximum collector current is 
200 mA. 

The Bpc (pg) is specified for several values of Jc. As you can see, pp varies with Jc as 
we previously discussed. 

The collector-emitter saturation voltage, Vog(saty is 0.2 V maximum for Jc(saz) = 10 mA 
and increases with the current. 


EXAMPLE 4-8 


Solution 


Related Problem 


A 2N3904 transistor is used in the circuit of Figure 4-19 (Example 4-6). Determine 
the maximum value to which Vcc can be adjusted without exceeding a rating. Which 
rating would be exceeded first? Refer to the datasheet in Figure 4—20. 


From the datasheet, 

PD max) = Pp = 625 mW 

Vcg(max) = Voro = 40 V 

Teqmax) — Ic = 200mA 
Assume Bpc = 100. This is a reasonably valid assumption based on the datasheet hp = 
100 minimum for specified conditions (Bpc and /pg are the same parameter). As you 
have learned, the Bpc has considerable variations for a given transistor, depending 
on circuit conditions. Under this assumption, Jc = 19.5 mA and Vr, = 19.5 V from 
Example 4-6. 


Since Jc is much less than Je(max) and, ideally, will not change with Voc, the maxi- 
mum value to which Vcc can be increased before Vegimax) is exceeded is 


Voeccmax) = VcE(max) ats Ve = 40V + 19.5V = 59.5 V 
However, at the maximum value of Vcp, the power dissipation is 
Pp = VcE(maxlc = (40 V)(19.5 mA) = 780 mW 


Power dissipation exceeds the maximum of 625 mW specified on the datasheet. 


Use the datasheet in Figure 4—20 to find the maximum Pp at 50°C. 
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<¢ FIGURE 4-20 


> 

PAIR rt Partial datasheet. For a complete 
pe ee ee 2N3904 datasheet, go to 
http://www fairchildsemi.com/ds/ 
2N%2F2N3904.pdf. Copyright 
Fairchild Semiconductor 
Corporation. Used by permission. 


2N3904 MMBT3904 PZT3904 


SOT-23 
Mark: 1A 


NPN General Purpose Amplifier 


This device is designed as a general purpose amplifier and switch. 
The useful dynamic range extends to 100 mA as a switch and to 
100 MHz as an amplifier. 


Absolute Maximum Ratings® 1, =25°cuniess otherwise noted 


Symbol Parameter 
Veo Collector-Emitter Voltage 40 
Vepo Collector-Base Voltage 60 
VeBo Emitter-Base Voltage 6.0 
Io Collector Current - Continuous 200 
Ta, Tstg Operating and Storage Junction Temperature Range -55 to +150 


*. 
‘These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


NOTES: 
1) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations. 


Thermal Characteristics 25°C unless otherwise noted 


Symbol Characteristic Max 


2N3904 *MMBT3904 | **PZT3904 


Pp Total Device Dissipation 625 350 1,000 
Derate above 25°C 5.0 2.8 8.0 
Roc Thermal Resistance, Junction to Case 83.3 


Rosa Thermal Resistance, Junction to Ambient 200 357 125 


* Device mounted on FR-4 PCB 1.6"X 1.6"X 0.06." 


** Device mounted on FR-4 PCB 36 mm X 18 mm X 1.5 mm; mounting pad for the collector lead min. 6 cm? 


Electrical Characteristics 1, -25-cuniess otherwise noted 


Symbol Parameter Test Conditions 


OFF CHARACTERISTICS 


V(er)cEO Collector-Emitter Breakdown Ic = 1.0 mA, Ip = 0 
Voltage 
VierycBo Collector-Base Breakdown Voltage Ic = 10 pA, le = 0 


ViBR)EBO Emitter-Base Breakdown Voltage le = 10 pA, Ic =0 
Ie Base Cutoff Current Vce = 30 V, Ves = 3V 
Icex Collector Cutoff Current Vee = 30 V, Ves = 3V 


ON CHARACTERISTICS* 
hee DC Current Gain Io = 0.1 mA, Vee = 1.0 V 


Ic = 50 mA, Vee = 1. 
Ic = 100 mA, Vce = 1.0 V 
Vee(sat) Collector-Emitter Saturation Voltage Ic = 10 mA, Ip = 1. 


Veg (sat) Base-Emitter Saturation Voltage 


Io = 50 mA, Ig = 5.0 mA 


SMALL SIGNAL CHARACTERISTICS 
fr Current Gain - Bandwidth Product Io = 10 mA, Vce = 20 V, 

f= 100 MHz 

Cobo Output Capacitance Vee = 5.0 V, le = 0, 

f= 1.0 MHz 

Cibo Input Capacitance Vep = 0.5 V, Ic = 0, 

f= 1.0 MHz 

NF Noise Figure Ico = 100HA, Voce = 5.0 V, 

Rs =1.0kQ,f=10 Hz to 15.7kHz 


SWITCHING CHARACTERISTICS 
ta Delay Time Voc = 3.0 V, Vee = 0.5 V, 
t, Rise Time Io = 10 mA, Ip; = 1.0 MA 
tty Storage Time Vee = 3.0 V, Ie = 10mMA 

tr Fall Time 


*Pulse Test: Pulse Width < 300s, Duty Cycle< 2.0% 
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DC and apc. What is hr¢? 
c current gain of a transistor is 100, determine Bpc and apc. 
no Variables are plotted on a collector characteristic curve? 
nditions must exist for a transistor to operate as an amplifier? 
crease or decrease with temperature? 
in type of transistor, can Bpc be considered to be a constant? 


4—4 Tue BJT AS AN AMPLIFIER 


Amplification is the process of linearly increasing the amplitude of an electrical signal 
and is one of the major properties of a transistor. As you learned, a BJT exhibits current 
gain (called B). When a BJT is biased in the active (or linear) region, as previously de- 
scribed, the BE junction has a low resistance due to forward bias and the BC junction has 


a high resistance due to reverse bias. 
After completing this section, you should be able to 


4 Discuss how a BJT is used as a voltage amplifier 
4 List the de and ac quantities in an amplifier 

« Describe how the de and ac quantities are identified 
4 Describe voltage amplification 


« Draw the schematic for a basic BJT amplifier + Define current gain and 
voltage gain ¢ Calculate voltage gain + Calculate amplifier output voltage 


DC and AC Quantities 


Before discussing the concept of transistor amplification, the designations that we will use 
for the circuit quantities of current, voltage, and resistance must be explained because am- 


plifier circuits have both dc and ac quantities. 


In this text, italic capital letters are used for both de and ac currents (/) and voltages (V). 
This rule applies to rms, average, peak, and peak-to-peak ac values. AC current and volt- 
age values are always rms unless stated otherwise. Although some texts use lowercase i 
and v for ac current and voltage, we reserve the use of lowercase i and v only for instanta- 
neous values. In this text, the distinction between a dc current or voltage and an ac current 


or voltage is in the subscript. 


DC quantities always carry an uppercase roman (nonitalic) subscript. For example, /p, 
Ic, and J are the dc transistor currents. Vgz, Vcg, and Vcr are the de voltages from one 
transistor terminal to another. Single subscripted voltages such as Vp, Vc, and Vg are dc 


voltages from the transistor terminals to ground. 


AC and all time-varying quantities always carry a lowercase italic subscript. For exam- 
ple, Jp, /., and J, are the ac transistor currents. Vp., Vp, and V,, are the ac voltages from one 
transistor terminal to another. Single subscripted voltages such as V;, V,, and V, are ac 


voltages from the transistor terminals to ground. 


The rule is different for internal transistor resistances. As you will see later, transistors 
have internal ac resistances that are designated by lowercase r’ with an appropriate sub- 


script. For example, the internal ac emitter resistance is designated as r’,. 


Circuit resistances external to the transistor itself use the standard italic capital R with a 
subscript that identifies the resistance as de or ac (when applicable), just as for current and 
voltage. For example Rx is an external dc emitter resistance and R, is an external ac emit- 


ter resistance. 


Voltage Amplification 


As you have learned, a transistor amplifies current because the collector current is equal to 
the base current multiplied by the current gain, B. The base current in a transistor is very 
small compared to the collector and emitter currents. Because of this, the collector current 
is approximately equal to the emitter current. 

With this in mind, let’s look at the circuit in Figure 4-21. An ac voltage, V,, is superim- 
posed on the dc bias voltage Vgp by capacitive coupling as shown. The dc bias voltage Voc 
is connected to the collector through the collector resistor, Rc. 


The ac input voltage produces an ac base current, which results in a much larger ac col- 
lector current. The ac collector current produces an ac voltage across Rc, thus producing an 
amplified, but inverted, reproduction of the ac input voltage in the active region of opera- 
tion, as illustrated in Figure 4-21. 

The forward-biased base-emitter junction presents a very low resistance to the ac signal. 
This internal ac emitter resistance is designated ri, in Figure 4—21 and appears in series 
with Rg. The ac base voltage is 


V, = Lr 

The ac collector voltage, V,, equals the ac voltage drop across Rc. 
Vo = [Rc 

Since [. = [,, the ac collector voltage is 
V. = 1.Re 


V,, can be considered the transistor ac input voltage where V, = V, — J,Rp. V..can be con- 
sidered the transistor ac output voltage. Since voltage gain is defined as the ratio of the output 
voltage to the input voltage, the ratio of V,. to V;, is the ac voltage gain, A,, of the transistor. 


V. 
Ay == 
Vy 
Substituting /,.Rc for V,. and Ir, for V;, yields 
A= = =e 
Vp Lore 
The /, terms cancel; therefore, 
R 
A, = —© 


Equation 4—7 shows that the transistor in Figure 4—21 provides amplification in the form 
of voltage gain, which is dependent on the values of Rc and r;. 
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<@ FIGURE 4-21 


Basic transistor amplifier circuit with 
ac source voltage V, and dc bias volt- 
age Vpp superimposed. 


Equation 4-7 
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Since Rc is always considerably larger in value than r’,, the output voltage for this con- 
figuration is greater than the input voltage. Various types of amplifiers are covered in detail 
in later chapters. 


EXAMPLE 4-9 Determine the voltage gain and the ac output voltage in Figure 422 if r’, = 50. 


FIGURE 4-22 


Rg 


Vp 
100 mV 


T | 


_ Ra Om 
ae 500 


5 Ve 


t Ve= 


Solution The voltage gain is 


A 20 


Therefore, the ac output voltage is 


Vour = AyV, = (20)(100 mV) = 2 Vrms 


Related Problem What value of Rc in Figure 4—22 will it take to have a voltage gain of 50? 


2 
defined? 

jat determine the voltage gain of an amplifier. 

of a transistor amplifier that has an output of 5 V rms and an 


d as in Figure 4-22 has anr, = 20 12. If Rc is 1200 , what is 


4-5 THE BJT As A SWITCH 


In the previous section, you saw how a BJT can be used as a linear amplifier. The second 
major application area is switching applications. When used as an electronic switch, a 
BJT is normally operated alternately in cutoff and saturation. Many digital circuits use 
the BJT as a switch. 


After completing this section, you should be able to 


4 Discuss how a BJT is used as a switch 
4 Describe BJT switching operation 
a Explain the conditions in cutoff 
Determine the cutoff voltage in terms of the dc supply voltage 
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Switching Operation 


Figure 4—23 illustrates the basic operation of a BJT as a switching device. In part (a), the 
transistor is in the cutoff region because the base-emitter junction is not forward-biased. In 
this condition, there is, ideally, an open between collector and emitter, as indicated by the 
switch equivalent. In part (b), the transistor is in the saturation region because the base- 
emitter junction and the base-collector junction are forward-biased and the base current is 
made large enough to cause the collector current to reach its saturation value. In this con- 
dition, there is, ideally, a short between collector and emitter, as indicated by the switch 
equivalent. Actually, a small voltage drop across the transister of up to a few tenths of a 
volt normally occurs, which is the saturation voltage, Veg (sat): 


+Voc +Voc +Voc +Voc 
° 
Rc Ro =| Toysat) Rc Toysat) 
Cc Rs, (e 
+ 
+Vpp W{) 
aes 
E he aa E 
(a) Cutoff — open switch (b) Saturation — closed switch 


Conditions in Cutoff As mentioned before, a transistor is in the cutoff region when the 
base-emitter junction is not forward-biased. Neglecting leakage current, all of the currents 
are zero, and Vc is equal to Voc. 


Verceutott) = Vcc 


Conditions in Saturation As you have learned, when the base-emitter junction is 
forward-biased and there is enough base current to produce a maximum collector current, 
the transistor is saturated. The formula for collector saturation current is 


Vec — Vexiat) 


I C(sat) = Re 


Since VoF(sat) is very small compared to Vcc, it can usually be neglected. 
The minimum value of base current needed to produce saturation is 


T cat) 
TRonin) = Boc 
D 


Normally, /g should be significantly greater than /g(min) to ensure that the transistor is 
saturated. 


<q FIGURE 4-23 


Switching action of an ideal transistor. 


Equation 4-8 


Equation 4-9 


Equation 4-10 


194 


Sa 


BIPOLAR JUNCTION TRANSISTORS 


Solution 


Related Problem 


FIGURE 4-24 


Vout 


(a) When Vix = 0 V, the transistor is in cutoff (acts like an open switch) and 
Veg = Vec = 10V 

(b) Since Veg(saty is neglected (assumed to be 0 V), 

Vcc 10 V 


Toca) - R- ~ Toxg (Om 
Tevsat) 10mA 
TBqmin) = on a 50 pA 


This is the value of Jp necessary to drive the transistor to the point of saturation. 
Any further increase in /g will ensure the transistor remains in saturation but there 
cannot be any further increase in Ic. 


(c) When the transistor is on, Vgg = 0.7 V. The voltage across Rp is 
VRpy = Vin — Vez = 5V -0.7V =43V 
Calculate the maximum value of Rg needed to allow a minimum /g of 50 wA 
using Ohm’s law as follows: 

VRp 43V 
Tpmin) SOMA 
Determine the minimum value of /g required to saturate the transistor in Figure 4—24 
if Bpc is 125 and VR (sat) is 0.2 V. 


RB max) = = 86k0, 


A Simple Application of a Transistor Switch 


The transistor in Figure 4—25 is used as a switch to turn the LED on and off. For example, 
a square wave input voltage with a period of 2 s is applied to the input as indicated. When 


FIGURE 4-25 +Vec 
A transistor used to switch an LED ? 
on and off. Re = 
Ww 
ON ON 
a a 
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the square wave is at 0 V, the transistor is in cutoff; and since there is no collector cur- 
rent, the LED does not emit light. When the square wave goes to its high level, the tran- 
sistor saturates. This forward-biases the LED, and the resulting collector current 
through the LED causes it to emit light. Thus, the LED is on for | second and off for 
1 second. 


EXAMPLE 4-11 The LED in Figure 4—25 requires 30 mA to emit a sufficient level of light. Therefore, 
the collector current should be approximately 30 mA. For the following circuit values, 
determine the amplitude of the square wave input voltage necessary to make sure that 
the transistor saturates. Use double the minimum value of base current as a safety 
margin to ensure saturation. Voc = 9 V, Veg(sat) = 0.3 V, Rc = 2200, Rg = 3.3 kO, 
Bpc = 50, and VED = 1.6V. 


Vec — Viep — Vera) 9V — 16V —0.3V 


Solution If = = 32.3mA 
eee) Rc 220 O, 
Icysat) 32.3 mA 
TBqnin) = = —— 646 wA 


To ensure saturation, use twice the value of Ig(miny, Which is 1.29 mA. Use Ohm’s law 
to solve for V;,. 


Vip Vin — VBE Vn OV 
rs OR ~ TRG) 
B B 0 
Vin — 0.7V = 2TBmin)B = (1.29 mA)(3.3 kQ) 


Vin = (1.29 mA)(3.3kQ) + 0.7V = 4.96V 


Related Problem If you change the LED in Figure 4—25 to one that requires 50 mA for a specified light 
emission and you can’t increase the input amplitude above 5 V or Vcc above 9 V, 
how would you modify the circuit? Specify the component(s) to be changed and the 
value(s). 


Open the Multisim file E04-11 in the Examples folder on the companion website. 
Using a 0.5 Hz square wave input with the calculated amplitude, verify that the 
transistor is switching between cutoff and saturation and that the LED is alternately 
turning on and off. 


sistor is used as a switch, in what two states is it operated? 
lector current maximum? 

Ilector current approximately zero? 

ndition is Vcgp = Vcc? 

minimum? 
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4—6 THE PHOTOTRANSISTOR 


Equation 4-11 


> FIGURE 4-26 


Phototransistor. 


A phototransistor is similar to a regular BJT except that the base current is produced 
and controlled by light instead of a voltage source. The phototransistor effectively con- 
verts light energy to an electrical signal. 


After completing this section, you should be able to 


4 Discuss the phototransistor and its operation 
¢ Identify the schematic symbol ¢ Calculate the collector current ¢ Interpret a 
set of collector characteristic curves 


escribe. le app mn 


In a phototransistor the base current is produced when light strikes the photosensitive 
semiconductor base region. The collector-base pn junction is exposed to incident light 
through a lens opening in the transistor package. When there is no incident light, there is 
only a small thermally generated collector-to-emitter leakage current, J¢go; this dark cur- 
rent is typically in the nA range. When light strikes the collector-base pn junction, a base 
current, /), is produced that is directly proportional to the light intensity. This action pro- 
duces a collector current that increases with /,. Except for the way base current is gener- 
ated, the phototransistor behaves as a conventional BJT. In many cases, there is no electri- 
cal connection to the base. 

The relationship between the collector current and the light-generated base current in a 
phototransistor is 


Tc = Bocly 


The schematic symbol and some typical phototransistors are shown in Figure 4-26. 
Since the actual photogeneration of base current occurs in the collector-base region, the 
larger the physical area of this region, the more base current is generated. Thus, a typical 
phototransistor is designed to offer a large area to the incident light, as the simplified 
structure diagram in Figure 4—27 illustrates. 


(a) Schematic symbol (b) Typical packages 


> FIGURE 4-27 Emitter _ Light © 


Typical phototransistor structure. 


NAVA, VavOy: 


Base 


Collector 


A phototransistor can be either a two-lead or a three-lead device. In the three-lead con- 
figuration, the base lead is brought out so that the device can be used as a conventional BJT 
with or without the additional light-sensitivity feature. In the two-lead configuration, the 
base is not electrically available, and the device can be used only with light as the input. In 
many applications, the phototransistor is used in the two-lead version. 

Figure 4—28 shows a phototransistor with a biasing circuit and typical collector charac- 
teristic curves. Notice that each individual curve on the graph corresponds to a certain 
value of light intensity (in this case, the units are mW/cm7”) and that the collector current in 
creases with light intensity. 


+Voc 
° 


ca 


© 


Dark current 


Phototransistors are not sensitive to all light but only to light within a certain range of 
wavelengths. They are most sensitive to particular wavelengths in the red and infrared 
part of the spectrum, as shown by the peak of the infrared spectral response curve in 
Figure 4—29. 


Percentage response 


100 5 
80 - 


60 5 


T T > Wavelength (nm) 


T T T 
500 700 900 1100 


Applications 


Phototransistors are used in a variety of applications. A light-operated relay circuit is 
shown in Figure 4—30(a). The phototransistor Q, drives the BJT Q) When there is suffi- 
cient incident light on Q), transistor Q> is driven into saturation, and collector current 
through the relay coil energizes the relay. The diode across the relay coil prevents, by its 
limiting action, a large voltage transient from occurring at the collector of Q) when the 
transistor turns off. 

Figure 4—30(b) shows a circuit in which a relay is deactivated by incident light on 
the phototransistor. When there is insufficient light, transistor Q> is biased on, keeping 
the relay energized. When there is sufficient light, phototransistor Q; turns on; this 
pulls the base of Q> low, thus turning Q» off and de-energizing the relay. 
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<q FIGURE 4-28 


Phototransistor circuit and typical 
collector characteristic curves. 


<@ FIGURE 4-29 


Typical phototransistor spectral re- 
sponse. 
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» FIGURE 4-30 


Relay circuits driven by a phototran- 
sistor. 


» FIGURE 4-31 


Basic optocouplers. 


> FIGURE 4-32 


Examples of optocoupler packages. 


> FIGURE 4-33 


CTR versus /; for a typical optocou- 
pler. 
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t+Voc 
fe) 


Relay 
coil Sei 
Relay wad 4 oh ay 
ail ee) > ~ a+ _ “contacts 
. on elay R 
ok I y~ = aY_ “contacts 


fi vs. ) Qo 
Rg Q 


+Voc 
° 


(a) Light activated (b) Light deactivated 


Optocouplers 


An optocoupler uses an LED optically coupled to a photodiode or a phototransistor in a 
single package. Two basic types are LED-to-photodiode and LED-to-phototransistor, as 
shown in Figure 4-31. Examples of typical packages are shown in Figure 4-32. 


a — > 
Wis t =) 
o——_ |____o 


(a) LED-to-photodiode 


2 


(a) Dual-in-line 


(b) LED-to-phototransistor 


@ 


(b) Surface-mount (c) Ball-grid 


A key parameter in optocouplers is the CTR (current transfer ratio). The CTR is an in- 
dication of how efficiently a signal is coupled from input to output and is expressed as the 
ratio of a change in the LED current to the corresponding change in the photodiode or 
phototransistor current. It is usually expressed as a percentage. Figure 4—33 shows a 
200 
180 
160 
140 
120 
100 

80 


Current transfer ratio CTR (%) 


1 2 5 10 20 50 
Forward current J; (mA) 
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typical graph of CTR versus forward LED current. For this case, it varies from about 50% 
to about 110%. 

Optocouplers are used to isolate sections of a circuit that are incompatible in terms of 
the voltage levels or currents required. For example, they are used to protect hospital pa- 
tients from shock when they are connected to monitoring instruments or other devices. 
They are also used to isolate low-current control or signal circuits from noisy power supply 
circuits or higher-current motor and machine circuits. 


's a phototransistor differ from a conventional BJT? 

d phototransistor has an external (emitter, base, collector) lead. 
ector current in a phototransistor circuit depends on what two factors? 
is the optocoupler parameter, OTR? 


4—7 TRANSISTOR CATEGORIES AND PACKAGING 


BJTs are available in a wide range of package types for various applications. Those 
with mounting studs or heat sinks are usually power transistors. Low-power and 
medium-power transistors are usually found in smaller metal or plastic cases. Still 
another package classification is for high-frequency devices. You should be familiar 
with common transistor packages and be able to identify the emitter, base, and collector 
terminals. 


After completing this section, you should be able to 


4 Identify various types of transistor packages 
4 List three broad transistor categories 
¢ Identify package pin configurations 


Transistor Categories 


Manufacturers generally classify bipolar junction transistors into three broad categories: 
general-purpose/small-signal devices, power devices, and RF (radio frequency/microwave) 
devices. Although each of these categories, to a large degree, has its own unique package 
types, you will find certain types of packages used in more than one device category. Let’s 
look at transistor packages for each of the three categories so that you will be able to 
recognize a transistor when you see one on a circuit board and have a good idea of what 
general category it is in. 


General-Purpose/Small-Signal Transistors General-purpose/small-signal transistors 
are generally used for low- or medium-power amplifiers or switching circuits. The pack- 
ages are either plastic or metal cases. Certain types of packages contain multiple transis- 
tors. Figure 4—34 illustrates two common plastic cases and a metal can package. 

Figure 4-35 shows multiple-transistor packages. Some of the multiple-transistor pack- 
ages such as the dual in-line (DIP) and the small-outline (SO) are the same as those used 
for many integrated circuits. Typical pin connections are shown so you can identify the 
emitter, base, and collector. 


Power Transistors Power transistors are used to handle large currents (typically more 
than 1 A) and/or large voltages. For example, the final audio stage in a stereo system uses 
a power transistor amplifier to drive the speakers. Figure 4-36 shows some common package 
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Sy 3 Collector 3 Collector 3 Collector 
2 2 
Base Base 
1¢ 1 Emitter 2 Emitter 1 Emitter 
ae 2 
3 3 1 
(a) TO-92 (b) SOT-23 (c) TO-18. Emitter is closest to tab. 


A FIGURE 4-34 


Plastic and metal cases for general-purpose/small-signal transistors. Pin configurations may vary. 
Always check the datasheet (http://fairchildsemiconductor.com/). 


1 1116 
2 5 
3 1114 
4 1113 
Collector 1 7 Collector 14131211109 8 5 512 
1 
vs 2 A \ 6 : - 
1 
Base SS -) Base 
Emitter 3 5 Emitter P23 45 6 7 
(a) Dual metal can. Emitters are closest to tab. (b) Quad dual in-line (DIP) and quad (c) Quad small outline (SO) package for 
flat-pack. Dot indicates pin 1. surface-mount technology 


A FIGURE 4-35 


Examples of multiple-transistor packages. 


rat 
C(case) 


(a) TO-220 (b) TO-225 (c) D-Pack (d) TO-3 


(e) Greatly enlarged cutaway view of tiny transistor chip mounted in the 
encapsulated package 


A FIGURE 4-36 


Examples of power transistors and packages. 
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configurations. The metal tab or the metal case is common to the collector and is thermally 
connected to a heat sink for heat dissipation. Notice in part (e) how the small transistor 
chip is mounted inside the much larger package. 


RF Transistors RF transistors are designed to operate at extremely high frequencies and 
are commonly used for various purposes in communications systems and other high- 
frequency applications. Their unusual shapes and lead configurations are designed to opti- 
mize certain high-frequency parameters. Figure 4-37 shows some examples. 


C E 
B B 


(a) 
A FIGURE 4-37 


Examples of RF transistor packages. 


‘hree broad categories of bipolar junction transistors. 
can package of a general-purpose BJT, how is the emitter identified? 
isistors, the metal mounting tab or case is connected to which transistor 


4-8 TROUBLESHOOTING 


As you already know, a critical skill in electronics work is the ability to identify a 
circuit malfunction and to isolate the failure to a single component if necessary. In this 
section, the basics of troubleshooting transistor bias circuits and testing individual 
transistors are covered. 


After completing this section, you should be able to 


4 Troubleshoot faults in transistor circuits 

4 Troubleshoot a biased transistor 
¢ Calculate what the readings should be ¢ Define floating point 

4 Test a transistor using a DMM 
« Discuss the DMM diode test position + Describe testing using the OHMs 
function 

4 Describe the transistor tester 

4 Discuss in-circuit and out-of-circuit testing 
¢ Explain point-of-measurement troubleshooting ¢ Describe leakage 
measurement and gain measurement 

a Explain what a curve tracer is 


Chapter 18 Basic Programming Concepts for Automated Testing 
Selected sections from Chapter 18 may be introduced as part of this troubleshooting 
coverage or, optionally, the entire Chapter 18 may be covered later or not at all. 
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Troubleshooting a Biased Transistor 


Several faults can occur in a simple transistor bias circuit. Possible faults are open bias re- 
sistors, open or resistive connections, shorted connections, and opens or shorts internal to 
the transistor itself. Figure 4-38 is a basic transistor bias circuit with all voltages refer- 
enced to ground. The two bias voltages are Vgg = 3 V and Vcc = 9 V. The correct volt- 
age measurements at the base and collector are shown. Analytically, these voltages are ver- 
ified as follows. A Bpc = 200 is taken as midway between the minimum and maximum 
values of Hp given on the datasheet for the 2N3904 in Figure 4-20. A different hpg (Bpc), 
of course, will produce different results for the given circuit. 


Vp = Vez = 0.7V 

Vep -0.7V 3V-0.7V 23V 
Rp ~ 56kQ 56 kO 

Ic = Boclg = 200(41.1 uA) = 8.2mA 

Vo = 9V — IcRc = 9V — (8.2 mA)(560 0) = 4.4V 


= 41.1 pA 


Voc 
+9 V 


A FIGURE 4-38 


A basic transistor bias circuit. 


Several faults that can occur in the circuit and the accompanying symptoms are illus- 
trated in Figure 4-39. Symptoms are shown in terms of measured voltages that are incor- 
rect. If a transistor circuit is not operating correctly, it is a good idea to verify that Vcc and 
ground are connected and operating. A simple check at the top of the collector resistor and 
at the collector itself will quickly ascertain if Vcc is present and if the transistor is con- 
ducting normally or is in cutoff or saturation. If it is in cutoff, the collector voltage will 
equal Vcc; if it is in saturation, the collector voltage will be near zero. Another faulty 
measurement can be seen if there is an open in the collector path. The term floating point 
refers to a point in the circuit that is not electrically connected to ground or a “solid” volt- 
age. Normally, very small and sometimes fluctuating voltages in the ~V to low mV range 
are generally measured at floating points. The faults in Figure 4—39 are typical but do not 
represent all possible faults that may occur. 


Testing a Transistor with a DMM 


A digital multimeter can be used as a fast and simple way to check a transistor for open or 
shorted junctions. For this test, you can view the transistor as two diodes connected as 
shown in Figure 4—40 for both npn and pnp transistors. The base-collector junction is one 
diode and the base-emitter junction is the other. 


Voc 
+9 V 
Ro] 5600 
: Rp 9V 
BB 
2N3904 
ao OPEN 
LV 


(a) Fault: Open base resistor. 
Symptoms: Readings from V to a 
few mV at base due to floating point. 
9 V at collector because transistor is 
in cutoff. 


(d) Fault: Collector internally open. 
Symptoms: 0.6 V — 0.8 V at base 
lead due to forward voltage drop 
across base-emitter junction. 9 V at 
collector because the open prevents 
collector current. 


A FIGURE 4-39 


VeB 
+3 V 


(b) Fault: Open collector resistor. 


Symptoms: A very small voltage may be 
observed at the collector when a meter is 
connected due to the current path through 
the BC junction and the meter resistance. 


Voc 
+9 V 


(e) Fault: Emitter internally open. 


Symptoms: 3 V at base lead. 9 V 
at collector because there is no 
collector current. 0 V at the emitter 
as normal. 
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(c) Fault: Base internally open. 
Symptoms: 3 V at base lead. 
9 V at collector because transistor 
is in cutoff. 


Ve 
43V 2N3904 
25 V 
or more 
OPEN 


— 


(f) Fault: Open ground connection. 
Symptoms: 3 V at base lead. 9 V 
at collector because there is no 
collector current. 2.5 V or more at the 
emitter due to the forward voltage 
drop across the base-emitter junction. 
The measuring voltmeter provides a 
forward current path through its 
internal resistance. 


Examples of faults and symptoms in the basic transistor bias circuit. 


npn 


(a) Both junctions should typically 
read 0.7 V when forward-biased. 


npn pnp 


<@ FIGURE 4-40 
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A transistor viewed as two diodes. 


(b) Both junctions should ideally 
read OPEN when reverse-biased. 


Recall that a good diode will show an extremely high resistance (or open) with reverse 
bias and a very low resistance with forward bias. A defective open diode will show an ex- 
tremely high resistance (or open) for both forward and reverse bias. A defective shorted or 
resistive diode will show zero or a very low resistance for both forward and reverse bias. 
An open diode is the most common type of failure. Since the transistor pn junctions are, in 
effect diodes, the same basic characteristics apply. 
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The DMM Diode Test Position Many digital multimeters (DMMs) have a diode test 
position that provides a convenient way to test a transistor. A typical DMM, as shown in 
Figure 4—41, has a small diode symbol to mark the position of the function switch. When 
set to diode test, the meter provides an internal voltage sufficient to forward-bias and re- 
verse-bias a transistor junction. 
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the BE junction the BE junction the BC junction the BC junction 


A FIGURE 4-41 


Typical DMM test of a properly functioning npn transistor. Leads are reversed for a pnp transistor. 


When the Transistor Is Not Defective In Figure 4—41(a), the red (positive) lead of the 
meter is connected to the base of an npn transistor and the black (negative) lead is connected 
to the emitter to forward-bias the base-emitter junction. If the junction is good, you will get a 
reading of between approximately 0.6 V and 0.8 V, with 0.7 V being typical for forward bias. 

In Figure 4—41(b), the leads are switched to reverse-bias the base-emitter junction, as 
shown. If the transistor is working properly, you will typically get an OL indication. 

The process just described is repeated for the base-collector junction as shown in Figure 
4—41(c) and (d). For a pnp transistor, the polarity of the meter leads are reversed for each test. 


When the Transistor Is Defective When a transistor has failed with an open junction or 
internal connection, you get an open circuit voltage reading (OL) for both the forward-bias 
and the reverse-bias conditions for that junction, as illustrated in Figure 4—42(a). If a junction 
is shorted, the meter reads 0 V in both forward- and reverse-bias tests, as indicated in part (b). 

Some DMMs provide a test socket on their front panel for testing a transistor for the gpg 
(Bpc) value. If the transistor is inserted improperly in the socket or if it is not functioning 
properly due to a faulty junction or internal connection, a typical meter will flash a 1 or display 
a0. If a value of Bpc within the normal range for the specific transistor is displayed, the device 
is functioning properly. The normal range of Bpc can be determined from the datasheet. 


Checking a Transistor with the OHMs Function DMMs that do not have a diode test 
position or an jpg socket can be used to test a transistor for open or shorted junctions by set- 
ting the function switch to an OHMs range. For the forward-bias check of a good transistor 
pn junction, you will get a resistance reading that can vary depending on the meter’s internal 
battery. Many DMMs do not have sufficient voltage on the OHMs range to fully forward-bias 
a junction, and you may get a reading of from several hundred to several thousand ohms. 
For the reverse-bias check of a good transistor, you will get an out-of-range indication 
on most DMMs because the reverse resistance is too high to measure. An out-of-range 
indication may be a flashing | or a display of dashes, depending on the particular DMM. 
Even though you may not get accurate forward and reverse resistance readings on a 
DMM, the relative readings are sufficient to indicate a properly functioning transistor pn 
junction. The out-of-range indication shows that the reverse resistance is very high, as you 
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(OL is typical) for an open same 0 V reading. 

BC junction. 


expect. The reading of a few hundred to a few thousand ohms for forward bias indicates 
that the forward resistance is small compared to the reverse resistance, as you expect. 


Transistor Testers 


An individual transistor can be tested either in-circuit or out-of-circuit with a transistor 
tester. For example, let’s say that an amplifier on a particular printed circuit (PC) board has 
malfunctioned. Good troubleshooting practice dictates that you do not unsolder a compo- 
nent from a circuit board unless you are reasonably sure that it is bad or you simply cannot 
isolate the problem down to a single component. When components are removed, there is 
a risk of damage to the PC board contacts and traces. 

You can perform an in-circuit check of the transistor using a transistor tester similar to 
the one shown in Figure 4—43. The three clip-leads are connected to the transistor termi- 
nals and the tester gives a positive indication if the transistor is good. 


<@ FIGURE 4-43 


Transistor tester (courtesy of B + K 
Precision). 
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<4 FIGURE 4-42 


Testing a defective npn transistor. 
Leads are reversed for a pnp transistor. 
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» FIGURE 4-44 


The indication of an open, when it is 
in the circuit external to the transis- 
tor, depends on where you measure. 


EXAMPLE 4-12 


Solution 


Related Problem 


In-Circuit and Out-of-Circuit Tests 


Case 1 If the transistor tests defective, it should be carefully removed and replaced with a 
known good one. An out-of-circuit check of the replacement device is usually a good idea, 
just to make sure it is OK. The transistor is plugged into the socket on the transistor tester 
for out-of-circuit tests. 

Case 2 If the transistor tests good in-circuit but the circuit is not working properly, exam- 
ine the circuit board for a poor connection at the collector pad or for a break in the con- 
necting trace. A poor solder joint often results in an open or a highly resistive contact. The 
physical point at which you actually measure the voltage is very important in this case. For 
example, if you measure on the collector lead when there is an external open at the collec- 
tor pad, you will measure a floating point. If you measure on the connecting trace or on the 
Rc lead, you will read Voc. This situation is illustrated in Figure 4-44. 


A few LV to a few 
mV indicates 
a floating point. 


Meter reads de 
supply voltage. 


OPEN connection 
at pad 


Importance of Point-of-Measurement in Troubleshooting In case 2, if you had taken 
the initial measurement on the transistor lead itself and the open were internal to the tran- 
sistor as shown in Figure 4—45, you would have measured Vcc. This indicates a defective 
transistor even before the tester was used, assuming the base-to-emitter voltage is normal. 
This simple concept emphasizes the importance of point-of-measurement in certain trou- 
bleshooting situations. 


> FIGURE 4-45 Collector OPEN internally 


Meter reads de 
supply voltage. 


Illustration of an internal open. 
Compare with Figure 4—44. 


What fault do the measurements in Figure 4—46 indicate? 


The transistor is in cutoff, as indicated by the 10 V measurement on the collector lead. The 
base bias voltage of 3 V appears on the PC board contact but not on the transistor lead, 
as indicated by the floating point measurement. This shows that there is an open external 
to the transistor between the two measured base points. Check the solder joint at the base 
contact on the PC board. If the open were internal, there would be 3 V on the base lead. 


If the meter in Figure 4—46 that now reads 3 V indicates a floating point when touch- 
ing the circuit board pad, what is the most likely fault? 
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<@ FIGURE 4-46 
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Leakage Measurement Very small leakage currents exist in all transistors and in most 
cases are small enough to neglect (usually nA). When a transistor is connected with the 
base open (/g = 0), it is in cutoff. Ideally J< = 0; but actually there is a small current from 
collector to emitter, as mentioned earlier, called [cg (collector-to-emitter current with 
base open). This leakage current is usually in the nA range. A faulty transistor will often 
have excessive leakage current and can be checked in a transistor tester. Another leakage 
current in transistors is the reverse collector-to-base current, Jcgo. This is measured with 
the emitter open. If it is excessive, a shorted collector-base junction is likely. 


Gain Measurement In addition to leakage tests, the typical transistor tester also checks 
the Bpc. A known value of Jp is applied, and the resulting /¢ is measured. The reading will 
indicate the value of the /-/Ig ratio, although in some units only a relative indication is 
given. Most testers provide for an in-circuit Bpc check, so that a suspected device does not 
have to be removed from the circuit for testing. 


Curve Tracers A curve tracer is an oscilloscope type of instrument that can display tran- 
sistor characteristics such as a family of collector curves. In addition to the measurement 
and display of various transistor characteristics, diode curves can also be displayed. 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the companion website. 
Open each file and determine if the circuit is working properly. If it is not working 
properly, determine the fault. 


1. Multisim file TSE04-01 


2. Multisim file TSEO4-02 
3. Multisim file TSE04-03 
4. Multisim file TSEO4-04 


transistor on a circuit board is suspected of being faulty, what should you do? 
In a transistor bias circuit, such as the one in Figure 4—38; what happens if Rg opens? 


circuit such as the one in Figure 4-38, what are the base and collector voltages if 
there is an external open between the emitter and ground? 
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Application Activity: Security Alarm System 


A circuit using transistor switches will be developed for use in an alarm system for detect- 
ing forced entry into a building. In its simplest form, the alarm system will accommodate 
four zones with any number of openings. It can be expanded to cover additional zones. For 
the purposes of this application, a zone is one room in a house or other building. The sensor 
used for each opening can be either a mechanical switch, a magnetically operated switch, 
or an optical sensor. Detection of an intrusion can be used to initiate an audible alarm signal 
and/or to initiate transmission of a signal over the phone line to a monitoring service. 


Designing the Circuit 


A basic block diagram of the system is shown in Figure 4—47. The sensors for each zone 
are connected to the switching circuits, and the output of the switching circuit goes to an 
audible alarm circuit and/or to a telephone dialing circuit. The focus of this application is 
the transistor switching circuits. 


» FIGURE 4-47 


Block diagram of security alarm 


Zone | sensors 
system. 


Zone 2 sensors 


Zone 3 sensors 


Zone 4 sensors 


A zone sensor detects when a window or door is opened. They are normally in a closed 
position and are connected in series to a dc voltage source, as shown in Figure 4—48(a). 
When a window or door is opened, the corresponding sensor creates an open circuit, as 
shown in part (b). The sensors are represented by switch symbols. 


» FIGURE 4-48 


Zone sensor configuration. 


To transistor 
O; -< O; >O. \e—@) O—>O. switching circuit 


(a) Series zone sensors are normally closed. 


ae Voc 


we To transistor 
O; -oJ O \e—@) O—>-O- switching circuit 


(b) Intrusion into the zone causes a sensor to open. 


A circuit for one zone is shown in Figure 4—49. It consists of two BJTs, Q; and Q>. As 
long as the zone sensors are closed, Q, is in the on state (saturated). The very low satura- 
tion voltage at the Q, collector keeps Q> off: Notice that the collector of Q> is left open 
with no load connected. This allows for all four of the zone circuit outputs to be tied to- 
gether and a common load connected externally to drive the alarm and/or dialing circuits. 
If one of the zone sensors opens, indicating a break-in, Q, turns off and its collector volt- 
age goes to Vcc. This turns on Q>, causing it to saturate. The on state of Q> will then acti- 
vate the audible alarm and the telephone dialing sequence. 


FIGURE 4-49 


One of the four identical transistor 


switching circuits. 


Input from zone 
sensors 
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Output to 
0 alarm/dialing 
circuit 


1. Refer to the partial datasheet for the 2N2222A in Figure 4—50 and determine the 
value of the collector resistor R3 to limit the current to 10 mA with a +12 V dc 


supply voltage. 


Absolute Maximum Ratings * 1,=25°c unless otherwise noted 
Symbol Parameter Value Units 
VcEo Collector-Emitter Voltage Vv 
VeBo Collector-Base Voltage Vv 
VeEBo Emitter-Base Voltage 6.0 Vv 
Io Collector Current 1.0 A 
Tst6 Operating and Storage Junction Temperature Range - 55 ~ 150 a ©: 
* These ratings are limiting values above which the serviceability of any semiconductor device may be impaired 
NOTES: 
1) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations 
Electrical Characteristics 1,=25°c unless otherwise noted 
Symbol Parameter Test Condition Min. Max. Units 
Off Characteristics 
BV(BR)CEO Collector-Emitter Breakdown Voltage * | Ic = 10mA, lp = 0 40 Vv 
BV(BR)CBO Collector-Base Breakdown Voltage Ico = 10uA, Ip = 0 75 Vv 
BV(BR)EBO Emitter-Base Breakdown Voltage le = 10pA, Ic = 0 6.0 Vv 
IcEx Collector Cutoff Current Voce = 80V, Vepiott) = 3-0V 10 nA 
IcBo Collector Cutoff Current Vcp = 60V, Ie = 0 0.01 HA 
Vcp = 60V, le = 0, Ty = 125°C 10 HA 
lEBo Emitter Cutoff Current Vep = 3.0V, Io = 0 10 HA 
IBL Base Cutoff Current Voce = 60V, Vep(ott) = 3-0V 20 HA 
On Characteristics 
hee DC Current Gain Io = 0.1mMA, Vcg = 10V 35 
Io = 1.0MA, Voge = 10V 50 
Io = 10MA, Veg = 10V 5 
Io = 10MA, Vecg = 10V, T, = -55°C 35 
Io = 150mA, Voce = 10V * 100 300 
Ic = 150mA, Veg = 10V * 50 
Ic = 500mA, Vee = 10V * 40 
VcE(sat) Collector-Emitter Saturation Voltage * Ic = 150mA, Vce = 10V 0.3 Vv 
Io = 500mA, Voge = 10V 1.0 Vv 
VBE(sat) Base-Emitter Saturation Voltage * Io = 150mA, Voge = 10V 0.6 1.2 Vv 
Ic = 500mA, Vee = 10V 2.0 Vv 
* Pulse Test: Pulse Width < 300us, Duty Cycle < 2.0% 


FIGURE 4-50 


Partial datasheet for the 2N2222A transistor. Copyright Fairchild Semiconductor Corporation. Used by permission. 
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2. Using the minimum pc or pp from the datasheet, determine the base current 
required to saturate Q, at J; = 10 mA. 

3. To ensure saturation, calculate the value of R; necessary to provide sufficient base 
current to Q; from the +12 V sensor input. R> can be any arbitrarily high value to 
assure the base of Q; is near ground when there is no input voltage. 

4. Calculate the value of R4 so that a sufficient base current is supplied to Q to 
ensure saturation for a load of 620 ©. This simulates the actual load of the alarm 
and dialing circuits. 


Simulation 


The switching circuit is simulated with Multisim, as shown in Figure 4-51. A switch con- 
nected to a 12 V source simulates the zone input and a 620 ©. load resistor is connected to 


Simulation of the switching circuit. 
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the output to represent the actual load. When the zone switch is open, Q> is saturated as 
indicated by 0.126 V at its collector. When the zone switch is closed, Q> is off as indi- 
cated by the 11.999 V at its collector. 


5. How does the Q> saturation voltage compare to the value specified on the datasheet? 


itn Simulate the circuit using your Multisim software. Observe the operation with the 
virtual multimeter. 


Prototyping and Testing 


Now that the circuit has been simulated, it is connected on a protoboard and tested for 
proper operation. 


Lab Experiment 
Bo 4 To build and test a similar circuit, go to Experiment 4 in your lab manual (Laboratory 


Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Printed Circuit Board 


The transistor switching circuit prototype has been built and tested. It is now committed 
to a printed circuit layout, as shown in Figure 4—52. Notice that there are four identical 
circuits on the board, one for each zone to be monitored. The outputs are externally con- 
nected to form a single input. 
6. Compare the printed circuit board to the schematic in Figure 4—49 and verify that 
they agree. Identify each component. 
7. Compare the resistor values on the printed circuit board to those that you calcu- 
lated previously. They should closely agree. 
8. Label the input and output pins on the printed circuit board according to their 
function. 
9. Describe how you would test the circuit board. 
10. Explain how the system can be expanded to monitor six zones instead of four. 


» FIGURE 4-52 


The 4-zone transistor switching 
circuit board. 
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SUMMARY OF BIPOLAR JUNCTION TRANSISTORS 


Collector 


Collector 


Base Base 


Emitter Emitter 
npn phototransistor 
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Section 4-1 


Section 4—2 


Section 4-3 


Section 4—4 


Section 4-5 


Section 4—6 


Section 4-7 


Section 4-8 


The BJT (bipolar junction transistor) is constructed with three regions: base, collector, and emitter. 
The BJT has two pn junctions, the base-emitter junction and the base-collector junction. 
Current in a BJT consists of both free electrons and holes, thus the term bipolar. 

The base region is very thin and lightly doped compared to the collector and emitter regions. 
The two types of bipolar junction transistor are the npn and the pnp. 


To operate as an amplifier, the base-emitter junction must be forward-biased and the base- 
collector junction must be reverse-biased. This is called forward-reverse bias. 


® The three currents in the transistor are the base current (J/g), emitter current (J), and collector 
current (/c). 


® Tp is very small compared to Jc and Jpg. 


® The de current gain of a transistor is the ratio of Jc to Jp and is designated Bpc. Values typically 
range from less than 20 to several hundred. 


® Bpc is usually referred to as App on transistor datasheets. 
® The ratio of Jc to Jp is called apc. Values typically range from 0.95 to 0.99. 


® There is a variation in Bpc over temperature and also from one transistor to another of the 
same type. 


® When a transistor is forward-reverse biased, the voltage gain depends on the internal emitter 
resistance and the external collector resistance. 


Voltage gain is the ratio of output voltage to input voltage. 
Internal transistor resistances are represented by a lowercase r. 


A transistor can be operated as an electronic switch in cutoff and saturation. 


¢-¢ ¢ @ 


In cutoff, both pn junctions are reverse-biased and there is essentially no collector current. The 
transistor ideally behaves like an open switch between collector and emitter. 


Sd 


In saturation, both pn junctions are forward-biased and the collector current is maximum. The 
transistor ideally behaves like a closed switch between collector and emitter. 


In a phototransistor, base current is produced by incident light. 

A phototransistor can be either a two-lead or a three-lead device. 

An optocoupler consists of an LED and a photodiode or phototransistor. 
Optocouplers are used to electrically isolate circuits. 

There are many types of transistor packages using plastic, metal, or ceramic. 
Two basic package types are through-hole and surface mount. 


It is best to check a transistor in-circuit before removing it. 


¢-¢¢ 6 OOO Oo 


Common faults in transistor circuits are open junctions, low Bpc, excessive leakage currents, 
and external opens and shorts on the circuit board. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Amplification The process of increasing the power, voltage, or current by electronic means. 


Base One of the semiconductor regions in a BJT. The base is very thin and lightly doped compared 
to the other regions. 


Beta($) The ratio of dc collector current to de base current in a BJT; current gain from base to 
collector. 


BJT A bipolar junction transistor constructed with three doped semiconductor regions separated 
by two pn junctions. 


Collector The largest of the three semiconductor regions of a BJT. 
Cutoff The nonconducting state of a transistor. 


Emitter The most heavily doped of the three semiconductor regions of a BJT. 
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_KEY FORMULAS 


_TRUE/FALSE QUIZ 


-CIRCUIT-ACTION QUIZ 


Gain The amount by which an electrical signal is increased or amplified. 
Linear Characterized by a straight-line relationship of the transistor currents. 


Phototransistor A transistor in which base current is produced when light strikes the photosensi- 
tive semiconductor base region. 

Saturation The state of a BJT in which the collector current has reached a maximum and is inde- 
pendent of the base current. 


4-1 Ir = Ic + Ip Transistor currents 
I 
4-2 Bpc = a DC current gain 
4-3 Vez = 0.7V Base-to-emitter voltage (silicon) 
Ves — V, 
4-4 Ip = el Base current 
Rg 
4-5 Vee = Vec — [cRce Collector-to-emitter voltage (common-emitter) 
4-6 Vcs = Vcr — Vee Collector-to-base voltage 
R 
4-7 A, = —< Approximate ac voltage gain 
Te 
4-8 Vex(cutotty = Vcc Cutoff condition 
Vec — Vcr 
4-9 Toysat) = “7. Collector saturation current 
Tc 
4-10 Tgqnin) = ul Minimum base current for saturation 
Boc 
4-11 Tc = Boch Phototransistor collector current 


Answers can be found at www.pearsonhighered.com/floyd. 


1. A bipolar junction transistor has three terminals. 
2. The three regions of a BJT are base, emitter, and cathode. 


3. For operation in the linear or active region, the base-emitter junction of a transistor is forward- 
biased. 


. Two types of BJT are npn and pnp. 

. The base current and collector current are approximately equal. 

The de voltage gain of a transistor is designated Bpc. 

Cutoff and saturation are the two normal states of a linear transistor amplifier. 


. When a transistor is saturated, the collector current is maximum. 


Vn 


. Bpc and hp are two different transistor parameters. 


10. Voltage gain of a transistor amplifier depends on the collector resistor and the internal ac 
resistance. 


11. Amplification is the output voltage divided by the input current. 


12. A transistor in cutoff acts as an open switch. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. Ifa transistor with a higher Bpc is used in Figure 4—9, the collector current will 
(a) increase (b) decrease (c) not change 
2. Ifa transistor with a higher Bpc is used in Figure 4-9, the emitter current will 


(a) increase (b) decrease (c) not change 
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3. Ifa transistor with a higher Bpc is used in Figure 4—9, the base current will 
(a) increase (b) decrease (c) not change 
4. If Vgp is reduced in Figure 4—16, the collector current will 
(a) increase (b) decrease (c) not change 
5. If Vcc in Figure 4—16 is increased, the base current will 
(a) increase (b) decrease (c) not change 
6. If the amplitude of V;,, in Figure 4—22 is decreased, the ac output voltage amplitude will 
(a) increase (b) decrease (c) not change 


7. If the transistor in Figure 4—24 is saturated and the base current is increased, the collector 
current will 


(a) increase (b) decrease (c) not change 
8. If Rc in Figure 4—24 is reduced in value, the value of I¢(saty Will 
(a) increase (b) decrease (c) not change 
9. If the transistor in Figure 4—38 is open from collector to emitter, the voltage across Rc will 
(a) increase (b) decrease (c) not change 
10. If the transistor in Figure 4-38 is open from collector to emitter, the collector voltage will 
(a) increase (b) decrease (c) not change 
11. If the base resistor in Figure 4—38 is open, the transistor collector voltage will 
(a) increase (b) decrease (c) not change 
12. If the emitter in Figure 4-38 becomes disconnected from ground, the collector voltage will 


(a) increase (b) decrease (c) not change 


t SELF-TEST Answers can be found at www.pearsonhighered.com/floyd. 


Section 4-1 1. The three terminals of a bipolar junction transistor are called 
(a) p,n,p (b) n, p,n (c) input, output, ground (d) base, emitter, collector 
2. In a pnp transistor, the p regions are 
(a) base and emitter (b) base and collector (c) emitter and collector 


Section 4—2 3. For operation as an amplifier, the base of an npn transistor must be 


(a) positive with respect to the emitter (b) negative with respect to the emitter 
(c) positive with respect to the collector (d) OV 
4. The emitter current is always 
(a) greater than the base current (b) less than the collector current 
(c) greater than the collector current (d) answers (a) and (c) 


Section 4-3 5. The Bpc of a transistor is its 
(a) current gain (b) voltage gain (c) power gain (d) internal resistance 
6. If Jc is 50 times larger than Jp, then Bpc is 
(a) 0.02 (b) 100 (c) 50 (d) 500 
7. The approximate voltage across the forward-biased base-emitter junction of a silicon BJT is 
(a) OV (b) 0.7 V (c) 0.3 V (d) Vgp 
8. The bias condition for a transistor to be used as a linear amplifier is called 
(a) forward-reverse (b) forward-forward (c) reverse-reverse (d) collector bias 
Section 4-4 9. If the output of a transistor amplifier is 5 V rms and the input is 100 mV rms, the voltage gain is 
(a) 5 (b) 500 (c) 50 (d) 100 
10. When a lowercase r’ is used in relation to a transistor, it refers to 
(a) a low resistance (b) a wire resistance 


(c) an internal ac resistance (d) a source resistance 
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11. Ina given transistor amplifier, Rc = 2.2k© andr’, = 20 QO, the voltage gain is 
(a) 2.2 (b) 110 (c) 20 (d) 44 


Section 4—5 12. When operated in cutoff and saturation, the transistor acts like a 


(a) linear amplifier (b) switch (c) variable capacitor (d) variable resistor 
13. In cutoff, Vog is 
(a) OV (b) minimum (c) maximum 


(d) equal to Vcc (e) answers (a) and (b) (f) answers (c) and (d) 

14. In saturation, Vcg is 
(a) 0.7 V (b) equal to Vcc (c) minimum (d) maximum 

15. To saturate a BJT, 
(a) Ig = Icysaty (b) Ig > Ic(saty/Boc 
(c) Vcc must be at least 10 V (d) the emitter must be grounded 

16. Once in saturation, a further increase in base current will 
(a) cause the collector current to increase (b) not affect the collector current 
(c) cause the collector current to decrease (d) turn the transistor off 

Section 4—6 17. Ina phototransistor, base current is 

(a) set by a bias voltage (b) directly proportional to light intensity 
(c) inversely proportional to light intensity (d) not a factor 

18. The relationship between the collector current and a light-generated base current is 
(a) lo = Boch, =) Ie = apc =— Io =M,— A) Io = Bich 

19. An optocoupler usually consists of 
(a) two LEDs (b) an LED and a photodiode 
(c) an LED and a phototransistor (d) both (b) and (c) 

Section 4—8 20. Ina transistor amplifier, if the base-emitter junction is open, the collector voltage is 

(a) Voc (b) OV (c) floating (d) 0.2 V 

21. A DMM measuring on open transistor junction shows 
(a) OV (b) 0.7 V (c) OL (d) Vcc 


[ 
PROBLEMS Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 4-1 _ Bipolar Junction Transistor (BJT) Structure 
1. What are the majority carriers in the base region of an npn transistor called? 


2. Explain the purpose of a thin, lightly doped base region. 


Section 4-2 Basic BJT Operation 
3. Why is the base current in a transistor so much less than the collector current? 


4. Ina certain transistor circuit, the base current is 2 percent of the 30 mA emitter current. 
Determine the collector current. 


5. For normal operation of a pnp transistor, the base must be (+ or —) with respect to the emitter, 
and (+ or —) with respect to the collector. 


6. What is the value of Jc for Jg = 5.34 mA and Ig = 475 pA? 


Section 4-3 BJT Characteristics and Parameters 
7. What is the apc when Jc = 8.23 mA and Jg = 8.69 mA? 
8. A certain transistor has an Jc = 25 mA and an Jp = 200 wA. Determine the Bpc. 
9. What is the Bpc of a transistor if 17 = 20.3 mA and J, = 20.5 mA? 
10. What is the apc if Jc = 5.35 mA and Ig = 50 wA? 


11. A certain transistor exhibits an apc of 0.96. Determine Jc when Jz = 9.35 mA. 
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12. A base current of 50 A is applied to the transistor in Figure 4-53, and a voltage of 5 V is 
dropped across Rc. Determine the Bpc of the transistor. 


> FIGURE 4-53 
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13. Calculate apc for the transistor in Problem 12. 


14. Assume that the transistor in the circuit of Figure 4-53 is replaced with one having a Bg, of 
200. Determine Jp, Ic, /g, and Vox given that Voc = 10 V and Vgp = 3 V. 


15. If Vcc is increased to 15 V in Figure 4-53, how much do the currents and Vcg change? 
16. Determine each current in Figure 4-54. What is the Bpc? 


> FIGURE 4-54 


Multisim file circuits are identified 
with a logo and are in the Problems 
folder on the companion website. 
Filenames correspond to figure 
numbers (e.g., F04-54). Vas = 


We | 


17. Find Vcg, Vgg, and Veg in both circuits of Figure 4-55. 


(a) (b) 
A FIGURE 4-55 


18. Determine whether or not the transistors in Figure 4—55 are saturated. 


19. Find Jp, Jp, and Jc in Figure 4-56. apc = 0.98. 


» FIGURE 4-56 
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20. Determine the terminal voltages of each transistor with respect to ground for each circuit in 
Figure 4-57. Also determine Vog, Vpp, and Vog. 


(a) (b) 


A FIGURE 4-57 


21. If the Bpc in Figure 4—57(a) changes from 100 to 150 due to a temperature increase, what is 
the change in collector current? 


22. A certain transistor is to be operated at a collector current of 50 mA. How high can Vog go 
without exceeding a Ppymax) of 1.2 W? 


23. The power dissipation derating factor for a certain transistor is | mW/°C. The Ppgmaxy is 0.5 W 
at 25°C. What is Ppymax) at 100°C? 


Section 4-4 The BJT as an Amplifier 


24. A transistor amplifier has a voltage gain of 50. What is the output voltage when the input volt- 
age is 100 mV? 


25. To achieve an output of 10 V with an input of 300 mV, what voltage gain is required? 


26. A 50 mV signal is applied to the base of a properly biased transistor with r, = 10 Q and 
Rc = 560 Q. Determine the signal voltage at the collector. 


27. Determine the value of the collector resistor in an npn transistor amplifier with Bpc = 250, 
VeB = 2.5 V, Vec = 9V, VcE =4V, and Rg = 100k. 


28. What is the de current gain of each circuit in Figure 4-55? 


Section 4—5 The BJT as a Switch 


29. Determine /¢:s,:) for the transistor in Figure 4-58. What is the value of Jg necessary to produce 


saturation? What minimum value of Vjy is necessary for saturation? Assume Vog(sat) = 0 V. 
> FIGURE 4-58 +5 V 
° 
= 10kO, 
¢———__o 


30. The transistor in Figure 4-59 has a Bpc of 50. Determine the value of Rg required to ensure 
saturation when Vjy is 5 V. What must Vj be to cut off the transistor? Assume Vof(sat) = 0 V. 


» FIGURE 4-61 


Section 4-6 


Section 4-7 


(a) 


PRoBLEMS @ 219 


> FIGURE 4-59 +15 V 
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The Phototransistor 


31. A certain phototransistor in a circuit has a Bpc = 200. If, = 100 wA, what is the collector current? 


32. Determine the emitter current in the phototransistor circuit in Figure 4-60 if, for each Im/m? of 
light intensity, 1 wA of base current is produced in the phototransistor. 


» FIGURE 4-60 + 50 Inmfmn? 
I +20 V 
~~ 


Bpc = 100 


33. A particular optical coupler has a current transfer ratio of 30 percent. If the input current is 
100 mA, what is the output current? 


34. The optical coupler shown in Figure 4—61 is required to deliver at least 10 mA to the external 
load. If the current transfer ratio is 60 percent, how much current must be supplied to the input? 


R, 


el 
10mA 1.0k0 


Transistor Categories and Packaging 


35. Identify the leads on the transistors in Figure 4-62. Bottom views are shown. 


» FIGURE 4-62 © 
O O 
OM Qe 
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( 


(c) 


36. What is the most probable category of each transistor in Figure 4-63? 


(e) 
A FIGURE 4-63 
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Section 4-8 Troubleshooting 


37. In an out-of-circuit test of a good npn transistor, what should an analog ohmmeter indicate 
when its positive probe is touching the emitter and the negative probe is touching the base? 
When its positive probe is touching the base and the negative probe is touching the collector? 


38. What is the most likely problem, if any, in each circuit of Figure 4-64? Assume a Bpc of 75. 


touching } Re | Ro 
sa AW — Wy 
1.0kO, 1.0k0 
= Ry = 
Voc Voc 
15 V 7 15 V ; 
o 
Probe 
touching R R 
1.0kO, 1.0k0 
Voc = Voc == 
15 V 77 15 V =. 
© 
A FIGURE 4-64 
39. What is the value of the Bpc of each transistor in Figure 4-65? 
Probe 
touching R R 
c Cc 
3.3 kO 470 0 
+ + 
Voc oe 
2 Naar 24V 


A FIGURE 4-65 
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APPLICATION ACTIVITY PROBLEMS 


40. 
41. 


42. 


Calculate the power dissipation in each resistor in Figure 4—51 for both states of the circuit. 


Determine the minimum value of load resistance that Q> can drive without exceeding the maxi- 
mum collector current specified on the datasheet. 


Develop a wiring diagram for the printed circuit board in Figure 4-52 for connecting it in the 
security alarm system. The input/output pins are numbered from 1 to 10 starting at the top. 


DATASHEET PROBLEMS 


43. 


44. 


45. 


46. 


Refer to the partial transistor datasheet in Figure 4—20. 

(a) What is the maximum collector-to-emitter voltage for a 2N3904? 

(b) How much continuous collector current can the 2N3904 handle? 

(c) How much power can a 2N3904 dissipate if the ambient temperature is 25°C? 

(d) How much power can a 2N3904 dissipate if the ambient temperature is 50°C? 

(e) What is the minimum /pg of a 2N3904 if the collector current is 1 mA? 

Refer to the transistor datasheet in Figure 4-20. A MMBT3904 is operating in an environment 
where the ambient temperature is 65°C. What is the most power that it can dissipate? 

Refer to the transistor datasheet in Figure 4-20. A PZT3904 is operating with an ambient tem- 
perature of 45°C. What is the most power that it can dissipate? 


Refer to the transistor datasheet in Figure 4-20. Determine if any rating is exceeded in each 
circuit of Figure 4-66 based on minimum specified values. 


+30 V +45 V 
° e) 
Ro 
2700, = Re 


Rp Rp 
+3V o—w—{{ ) MMBT3904 OV o—w—{({0) 2N3904 
3300 


(a) Ty = 50°C (b) Ty = 25°C 


A FIGURE 4-66 


47. Refer to the transistor datasheet in Figure 4-20. Determine whether or not the transistor is 


saturated in each circuit of Figure 4-67 based on the maximum specified value of hpp. 


+9 V +12 V 
fo) 
Rc Rc 
1.0k0, 560 0 


Rp Rp 
+5V PZT3904 43V —n—{{) 2N3904 
10kO 100 kO. 


(a) (b) 


A FIGURE 4-67 
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48. Refer to the partial transistor datasheet in Figure 4-68. Determine the minimum and maximum 
base currents required to produce a collector current of 10 mA in a 2N3946. Assume that the 
transistor is not in saturation and Vcg = 1 V. 


2N3946 
Maximum Ratings 2N3947 
Rating Symbol Value Unit 

Collector-Emitter voltage VcEo 40 V de 

Collector-Base voltage Vcgo 60 V de 

Emitter-Base voltage Vepo 6.0 Vdc 3 Collector 

Collector current — continuous To 200 mA de 

Total device dissipation @ T, = 25°C Pp 0.36 Watts 2 
Derate above 25°C 2.06 mW/°C Base 

Total device dissipation @ Tg = 25°C Pp 1.2 Watts : 
Derate above 25°C 6.9 mW/°C 3 5 1 Emitter 

Operating and storage junction Ty, Ts | -65 to +200 “Cc ! 

Temperature range ~ General-Purpose 
Transistors 
Thermal Characteristics 
Characteristic Symbol Max Unit NPN Silicon 

Thermal resistance, junction to case Rojc 0.15 °C/mW 

Thermal resistance, junction to ambient} Rg, 0.49 °C/mW 

Electrical Characteristics (7, = 25°C unless otherwise noted.) 

Characteristic Symbol Min Max Unit 

OFF Characteristics 

Collector-Emitter breakdown voltage Vipr)CEO 40 - V de 
(Uc = 10 mA de) 

Collector-Base breakdown voltage ViprycBo 60 - V de 
Ue = 10 pA de, Ip = 0) 

Emitter-Base breakdown voltage ViBR)EBO 6.0 - V de 
(Up = 10 wA de, Ic = 0) 

Collector cutoff current Togx MA de 
(Vo = 40 V de, Voz = 3.0 V de) - 0.010 
(Vor = 40 V de, Voz = 3.0 V de, T, = 150°C) - 15 

Base cutoff current Iai - .025 LA de 
(Vop = 40 V de, Voz = 3.0 V de) 

ON Characteristics 

DC current gain hep - 
(Ue = 0.1 mA de, Veg = 1.0 V de) 2N3946 30 - 

2N3947 60 - 
(Uc = 1.0 mA de, Veg = 1.0 V de) 2N3946 45 - 
2N3947 90 - 
(Uc = 10 mA de, Veg = 1.0 V de) 2N3946 50 150 
2N3947 100 300 
(Ie = 50 mA de, Voz = 1.0 V de) 2N3946 20 - 
2N3947 40 = 

Collector-Emitter saturation voltage Vor (sat) V de 
(ic = 10 mA de, Jp = 1.0 mA dc) - 0.2 
(Uc = 50 mA de, Jp = 5.0 mA dc) - 0.3 

Base-Emitter saturation voltage VBE(sat) V de 
(Ue = 10 mA de, Jp = 1.0 mA dc) 0.6 0.9 
(Uc = 50 mA de, Jp = 5.0 mA dc) - 1.0 

Small-Signal Characteristics 

Current gain — Bandwidth product Tr MHz 
(Uc = 10 mA de, Veg = 20 V de, f= 100 MHz) 2N3946 250 - 

2N3947 300 = 

Output capacitance Cobo - 4.0 pF 

(Vop = 10 V de, J; = 0, f= 100 kHz) 


A FIGURE 4-68 
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49. For each of the circuits in Figure 4—69, determine if there is a problem based on the datasheet 
information in Figure 4—68. Use the maximum specified fp. 


+15 V +35 V 
° 
Ro Ro 
6800 4700 
Rg Rg 


+8V o—m—({) 2N3946 +5V 2N3947 
68 kO, 4.7kO 


(a) T, = 40°C (b) Ty = 25°C 


A FIGURE 4-69 


ADVANCED PROBLEMS 
50. Derive a formula for apc in terms of Bpc. 


51. A certain 2N3904 de bias circuit with the following values is in saturation. Jg = 500 “A, 
Voc = 10 V, and Rc = 180 Q, hpg = 150. If you increase Vcc to 15 V, does the transistor 
come out of saturation? If so, what is the collector-to-emitter voltage and the collector current? 


52. Design a dc bias circuit for a 2N3904 operating from a collector supply voltage of 9 V and a 
base-bias voltage of 3 V that will supply 150 mA to a resistive load that acts as the collector 
resistor. The circuit must not be in saturation. Assume the minimum specified Bpc from the 
datasheet. 


53. Modify the design in Problem 52 to use a single 9 V dc source rather than two different 
sources. Other requirements remain the same. 


54. Design a dc bias circuit for an amplifier in which the voltage gain is to be a minimum of 50 and 
the output signal voltage is to be “riding” on a dc level of 5 V. The maximum input signal volt- 
age at the base is 10 mV rms. Vcc = 12 V, and Vgg = 4 V. Assume r), = 8 0. 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the companion website. 
55. Open file TSP04-55 and determine the fault. 

56. Open file TSP04-56 and determine the fault. 

57. Open file TSP04-57 and determine the fault. 

58. Open file TSP04-58 and determine the fault. 

59. Open file TSP04-59 and determine the fault. 

60. Open file TSP04-60 and determine the fault. 

61. Open file TSP04-61 and determine the fault. 

62. Open file TSP04-62 and determine the fault. 
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GreenTech Application 4: Solar Power 


In this GreenTech Application, solar tracking is examined. Solar tracking is the process of 
moving the solar panel to track the daily movement of the sun and the seasonal changes 
in elevation of the sun in the southern sky. The purpose of a solar tracker is to increase the 
amount of solar energy that can be collected by the system. For flat-panel collectors, an 
increase of 30% to 50% in collected energy can be realized with sun tracking compared 
to fixed solar panels. 


Before looking at methods for tracking, let’s review how the sun moves across the sky. 
The daily motion of the sun follows the arc of a circle from east to west that has its axis 
pointed north near the location of the North Star. As the seasons change from the winter 
solstice to the summer solstice, the sun rises a little further to the north each day. Between 
the summer solstice and the winter solstice, the sun moves further south each day. The 
amount of the north-south motion depends on your location. 


Single-Axis Solar Tracking 


For flat-panel solar collectors, the most economical and generally most practical solution 
to tracking is to follow the daily east-west motion, and not the annual north-south motion. 
The daily east-to-west motion can be followed with a single-axis tracking system. There 
are two basic single-axis systems: polar and azimuth. In a polar system, the main axis is 
pointed to the polar north (North Star), as shown in Figure GA4—1(a). (In telescope 
terminology, this is called an equatorial mounting.) The advantage is that the solar panel is 
kept at an angle facing the sun at all times because it tracks the sun from east to west and 
is angled toward the southern sky. In an azimuth tracking system, the motor drives the 
solar panel and frequently multiple panels. The panels can be oriented horizontally but 
still track the east-to-west motion of the sun. Although this does not intercept as much of 
the sunlight during the seasons, it has less wind loading and is more feasible for long 
rows of solar panels. Figure GA4—1(b) shows a solar array that is oriented horizontally 
with the axis pointing to true north and uses azimuth tracking (east to west). As you can 
see, sunlight will strike the polar-aligned panel more directly during the seasonal movement 
of the sun than it will with the horizontal orientation of the azimuth tracker. 
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(a) A single-axis polar-aligned tracker 


(b) Single-axis azimuth tracker 


A FIGURE GA4-1 


Types of single-axis solar tracking. 


Some solar tracking systems combine both the azimuth and the elevation tracking, which 
is known as dual-axis tracking. Ideally, the solar panel should always face directly 
toward the sun so that the sun light rays are perpendicular to the panel. With dual-axis 
tracking, the annual north-south motion of the sun can be followed in addition to the 
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daily east-to-west movement. This is particularly important with concentrating collectors 
that need to be oriented correctly to focus the sun on the active region. 


Figure GA4—2 is an example showing the improvement in energy collection of a typical 
tracking panel versus a nontracking panel for a flat solar collector. As you can see, track- 
ing extends the time that a given output can be maintained. 


» FIGURE GA4-2 
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There are several methods of implementing solar tracking. Two main ones are sensor con- 
trolled and timer controlled. 


Sensor-Controlled Solar Tracking 


This type of tracking control uses photosensitive devices such as photodiodes or photo- 
resistors. Typically, there are two light sensors for the azimuth control and two for the ele- 
vation control. Each pair senses the direction of light from the sun and activates the motor 
control to move the solar panel to align perpendicular to the sun’s rays. 


Figure GA4—3 shows the basic idea of a sensor-controlled tracker. Two photodiodes with 
a light-blocking partition between them are mounted on the same plane as the solar panel. 


Photodiodes 
Solar panel 


Lower output Higher output 
|__| 
Position control 
circuits 
Output rotates motor 
(a) Outputs of the photodiodes are unequal if solar panel is not (b) Outputs of the photodiodes are equal when solar 
directly facing the sun. panel orientation is optimum. 


A FIGURE GA4-3 


Simplified illustration of a light-sensing control for a solar-tracking system. Relative sizes are exagger- 
ated to demonstrate the concept. 
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If the solar panel is not facing directly toward the sun, the light strikes the panel and the 
photodiode assembly at an angle so that one of the diodes is shaded or partially shaded by 
the partition and receives less light than the other, as illustrated in Figure GA4—3(a). As a 
result, the photodiode with the most light produces a higher current than the partially- 
shaded device. The difference in currents from the two diodes is sensed by an operational 
amplifier and sends an output voltage to the motor. The motor rotates the solar panel until 
both photodiodes produce the same current and then is stopped by the control circuit, as 
illustrated in Figure GA4—3(b). The light-blocking partition between the diodes is ori- 
ented vertically for azimuth tracking and horizontally for elevation tracking. The photo- 
diode assemblies must face in the same direction as the solar panel, so they are mounted 
on the solar panel frame. 


Dual-Axis Solar Tracking As mentioned, a dual-axis system tracks the sun in both az- 
imuth and elevation. It requires two photo-sensing elements and two motors, as shown in 
Figure GA4—4. The outputs from the two pairs of sensors go to the position-control circuits. 
A circuit detects the differential between the two azimuth sensor outputs and, if the differ- 
ential is sufficient, the azimuth motor is advanced westward until a balance occurs between 
the two sensors. Similarly, another circuit detects the differential between the two elevation 
sensor outputs and, correspondingly, advances the elevation motor to rotate the solar panel 
either up or down until a balance occurs between the two sensors. When night falls and the 
solar panel is at its western-most position, the position-control circuits detect no output 
from the azimuth sensors and send a reset command to the azimuth motor to cause it to 
turn the soar panel back to its eastmost position to await sunrise the next day. The system 
must be sensitive enough to detect very small differences in photodiode output because the 
more closely the sun is tracked, the better the energy collection efficiency. 


-@ FIGURE GA4-4 
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A drawback of the sensor-controlled system is its sensitivity requirement for cloudy days 
or a passing cloud, when the differences in detected light are much smaller. The system 
must be able to distinguish between two low-light levels. Also, a certain amount of energy 
must be diverted to power the electronics and motors, although this is a requirement of 
most types of tracking systems. 


Timer-Controlled Solar Tracking 


Solar tracking can also be accomplished by using an electronic timer that causes the motors 
to move incrementally in azimuth and elevation. During the day the sun moves from east- 
to-west and this takes approximately 12 hours at summer solstice. The sun moves at a 
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rate of approximately 15° per hour. A timer-controlled tracking system can be designed to 
follow the sun at desired increments. For example, the panel azimuth position could 
advance every minute (60 times an hour), every 5 minutes (12 times an hour), or every 
15 minutes (4 times an hour), depending on the tracking accuracy desired. 


The sun moves slowly in elevation as it progresses from winter solstice to summer sol- 
stice and back again, traversing an angle of 47° in six months. This is a rate of 8° per 
month. The tracking system could make one adjustment in the elevation or tilt of the solar 
panel each week or each month, depending on the accuracy desired. 


Generally, a timer-controlled tracker uses an accurate time source, such as a crystal oscil- 
lator, a microprocessor with associated timing and control circuits, and motor interface 
circuits. The advantage of this type of tracking is that it is independent of the amount of 
sunlight that is striking the solar panel. Like the sensor-controlled system, the electronics 
and motors use extra energy. A simple block diagram is shown in Figure GA4—5. 


» FIGURE GA4-5 
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QUESTIONS 


Some questions may require research beyond the content of this coverage. Answers can 
be found at www.pearsonhighered.com/floyd. 


1. What are two types of solar trackers in terms of the way they move? 
. What is the difference between azimuth and elevation? 


2 

3. On what date does the winter solstice occur? 
4. On what date does the summer solstice occur? 
5 


. Would you recommend a single-axis or a dual-axis tracker for a flat-panel collec- 
tor? Why? 


The following recommended websites are for viewing solar tracking in action. Many 
WwW other websites are also available. 

http://www. youtube.com/watch?v=L4zwQbWrW-A 

http://www.youtube.com/watch?v=jdPTyPIwap0 

http://www.youtube.com/watch?v=jG942sw3 | mI 

http://www. youtube.com/watch?v=Uzm5LWeTomY 

http://www. youtube.com/watch?v=HmlfiG6KTI 

http://www. youtube.com/watch?v=sRqmTpozP YA 

http://www. youtube.com/watch?v=E9rl UScgGnE 


5-1 The DC Operating Point 
5-2  Voltage-Divider Bias 
5-3 Other Bias Methods 
5-4 Troubleshooting 
Application Activity 
GreenTech Application 5: Wind Power 


Discuss and determine the dc operating point of a linear 
amplifier 
Analyze a voltage-divider biased circuit 


Analyze an emitter bias circuit, a base bias circuit, an 
emitter-feedback bias circuit, and a collector-feedback 
bias circuit 


Troubleshoot faults in transistor bias circuits 


© Stiff voltage divider 
@ Feedback 


Q-point 
DC load line 
Linear region 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


As you learned in Chapter 4, a transistor must be properly 
biased in order to operate as an amplifier. DC biasing is used 
to establish fixed dc values for the transistor currents and 
voltages called the dc operating point or quiescent point 
(Q-point). In this chapter, several types of bias circuits are 
discussed. This material lays the groundwork for the study 
of amplifiers, and other circuits that require proper biasing. 


The Application Activity focuses on a system for controlling 
temperature in an industrial chemical process. You will be 
dealing with a circuit that converts a temperature measure- 
ment to a proportional voltage that is used to adjust the 
temperature of a liquid in a storage tank. The first step is to 
learn all you can about transistor operation. You will then 
apply your knowledge to the Application Activity at the end 
of the chapter. 
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5-1 THE DC OPERATING POINT 


A transistor must be properly biased with a dc voltage in order to operate as a linear 
amplifier. A dc operating point must be set so that signal variations at the input terminal 
are amplified and accurately reproduced at the output terminal. As you learned in 
Chapter 4, when you bias a transistor, you establish the de voltage and current values. 
This means, for example, that at the dc operating point, Jc and Veg have specified 
values. The dc operating point is often referred to as the Q-point (quiescent point). 


After completing this section, you should be able to 


4 Discuss and determine the dc operating point of a linear amplifier 

4 Explain the purpose of dc bias 
¢ Define Q-point and describe how it affects the output of an amplifier 
¢ Explain how collector characteristic curves are produced ¢ Describe and 
draw adc load line ¢ State the conditions for linear operation ¢ Explain what 
causes waveform distortion 


DC Bias 


Bias establishes the de operating point (Q-point) for proper linear operation of an ampli- 
fier. If an amplifier is not biased with correct dc voltages on the input and output, it can go 
into saturation or cutoff when an input signal is applied. Figure 5—1 shows the effects of 
proper and improper dc biasing of an inverting amplifier. In part (a), the output signal is an 
amplified replica of the input signal except that it is inverted, which means that it is 180° 
out of phase with the input. The output signal swings equally above and below the dc bias 
level of the output, Vpc(outy. Improper biasing can cause distortion in the output signal, as 
illustrated in parts (b) and (c). Part (b) illustrates limiting of the positive portion of the out- 
put voltage as a result of a Q-point (dc operating point) being too close to cutoff. Part (c) 
shows limiting of the negative portion of the output voltage as a result of a dc operating 
point being too close to saturation. 


Amplifier symbol 
Mie Vout 
Voc (in) a Voc (out) --- 


(a) Linear operation: larger output has same shape as input (b) Nonlinear operation: output voltage 
except that it is inverted limited (clipped) by cutoff 


A; p> +f 


(c) Nonlinear operation: output voltage limited 
(clipped) by saturation 


A FIGURE 5-1 


Examples of linear and nonlinear operation of an inverting amplifier (the triangle symbol). 


Graphical Analysis The transistor in Figure 5—2(a) is biased with Vcc and Vgp to obtain 
certain values of Jp, Ic, Ip, and Vcg. The collector characteristic curves for this particular 
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transistor are shown in Figure 5—2(b); we will use these curves to graphically illustrate the 
effects of dc bias. 


> Veg (V) 


Io(mA) 
A 

Re = ie 504 500 HA 
: 220.0 4! 400 pA 

B + 

gees, 
Vex == “ee 304 300 WA 
Re a 10V 

10kQ 204 200 UA 
Byc= 100 I io 100 HA 


091234567 8 9 10 
(a) DC biased circuit (b) Collector characteristic curves 


A FIGURE 5-2 


A dc-biased transistor circuit with variable bias voltage (Vpp) for generating the collector characteristic 
curves shown in part (b). 


In Figure 5—3, we assign three values to Jp and observe what happens to Jc and Vp. 
First, Vgp is adjusted to produce an Jp of 200 wA, as shown in Figure 5—3(a). Since 
Ic = Bpclp, the collector current is 20 mA, as indicated, and 


Vor = Veo — IcRc = 10V — (20mA)(220.0) = 10V -— 4.4V = 5.6V 


This Q-point is shown on the graph of Figure 5—3(a) as Q). 
Next, as shown in Figure 5—3(b), Vgp is increased to produce an Jp of 300 wA and an Ic 
of 30 mA. 


Veg = 10V — (30mA)(220 0) = 10V — 6.6V = 3.4V 


The Q-point for this condition is indicated by Q> on the graph. 
Finally, as in Figure 5—3(c), Vgp is increased to give an Jp of 400 WA and an Ic of 
40 mA. 


Vcg = 10V — (40mA)(220 0) = 10V — 88V = 1.2V 
Q3 is the corresponding Q-point on the graph. 


DC Load Line The dc operation of a transistor circuit can be described graphically 
using a de load line. This is a straight line drawn on the characteristic curves from the 
saturation value where Jc = Isat) on the y-axis to the cutoff value where Vog = Voc 
on the x-axis, as shown in Figure 5—4(a). The load line is determined by the external 
circuit (Vcc and Rc), not the transistor itself, which is described by the characteristic 


curves. 
In Figure 5-3, the equation for J¢ is 
Veco — Vi Vi V Vi V 1 Vi 
Io = CC CE _ CC CE _ CE + CC _ ( Wee + Ce 
Re Ro Re Ro Re Re Re 


This is the equation of a straight line with a slope of —1/Rc, an x intercept of Veg = Vcc, 
and a y intercept of Vec/Re, which is Ic¢iat). 
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+ 
= 304 
Q 
204 : Tp = 200 LA 
| 
104 
= > Vor (V) 


= sal Q, Tp = 300 pA 
| 
204 ! 
104 
| 
= = = | > Vor(V 
5 cr (Y) 


(b) Increase Jp to 300 1A by increasing Vag 


Tp = 400 WA 


5 > Vor (V) 
(c) Increase Jp to 400 WA by increasing Vppz 


A FIGURE 5-3 


Illustration of Q-point adjustment. 


Ic vf Cc (mA) 
A A 
Saturation point 60 5 
I C(sat) 504 


Tp, = 400 A 


DC load line 
Tz = 300 wA 


Tz = 200 WA 


Cutoff point 10 


— Jcpo = 0 


nv —— 
Pr O12 3 4 5 67 8 9 10 VoaM™ 


Vee 
(a) (b) 


A FIGURE 5-4 
The dc load line. 
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The point at which the load line intersects a characteristic curve represents the Q-point 
for that particular value of Jp. Figure 5—4(b) illustrates the Q-point on the load line for each 
value of Jp in Figure 5-3. 


Linear Operation The region along the load line including all points between saturation 
and cutoff is generally known as the linear region of the transistor’s operation. As long as 
the transistor is operated in this region, the output voltage is ideally a linear reproduction 
of the input. 

Figure 5—5 shows an example of the linear operation of a transistor. AC quantities are 
indicated by lowercase italic subscripts. Assume a sinusoidal voltage, V;,, is superimposed 
on Vpp, causing the base current to vary sinusoidally 100 wA above and below its Q-point 
value of 300 wA. This, in turn, causes the collector current to vary 10 mA above and below 
its Q-point value of 30 mA. As a result of the variation in collector current, the collector- 
to-emitter voltage varies 2.2 V above and below its Q-point value of 3.4 V. Point A on the 
load line in Figure 5—5 corresponds to the positive peak of the sinusoidal input voltage. 
Point B corresponds to the negative peak, and point Q corresponds to the zero value of the 
sine wave, as indicated. Vogqg, /cg, and [gg are de Q-point values with no input sinusoidal 
voltage applied. 


+ 
—m—{0) == Vec 
10kQ _ 


10 V 
6 
Bpc = 100 
+ 
Vep —— 3.7 V 


Vep-0.7V_3.7V-0.7V 
Taq= Rp ~—S«*dLO KD. 


| 
Teg = Boc lag = (100)(300 A) = 30 mA 
I 


= 300 uA 


Vero =Vec—IcoRe = 10 V— G0 mA)220 0) =3.4 V 


A FIGURE 5-5 


Variations in collector current and collector-to-emitter voltage as a result of a variation in base current. 


Waveform Distortion As previously mentioned, under certain input signal conditions 
the location of the Q-point on the load line can cause one peak of the V,, waveform to be 
limited or clipped, as shown in parts (a) and (b) of Figure 5—6. In each case the input sig- 
nal is too large for the Q-point location and is driving the transistor into cutoff or saturation 
during a portion of the input cycle. When both peaks are limited as in Figure 5—6(c), the 
transistor is being driven into both saturation and cutoff by an excessively large input sig- 
nal. When only the positive peak is limited, the transistor is being driven into cutoff but not 
saturation. When only the negative peak is limited, the transistor is being driven into satu- 
ration but not cutoff. 
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Input Input 
signal signal 
7 
> Voce 
> Vcr 
Vex 
(a) Transistor is driven into saturation because the Q-point is (b) Transistor is driven into cutoff because the Q-point is 
too close to saturation for the given input signal. too close to cutoff for the given input signal. 
Input 
signal 
Saturation 
Cutoff 9 Voc 
| 
Saturation 
| 
| 
L/, Cutoff 
Vice 
Vero 
(c) Transistor is driven into both saturation and cutoff because the 
input signal is too large. 
A FIGURE 5-6 
Graphical load line illustration of a transistor being driven into saturation and/or cutoff. 
EXAMPLE 5-1 Determine the Q-point for the circuit in Figure 5—7 and draw the dc load line. Find the 


maximum peak value of base current for linear operation. Assume Bpc = 200. 


Solution The Q-point is defined by the values of Jc and Veg. 


Ves — Vag _ 10V — 0.7V 


= = 198 pA 


Re 47kO, 


= Boclg = (200)(198 wA) = 39.6mA 
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» FIGURE 5-7 


The Q-point is at J¢- = 39.6 mA and at Vcg = 6.93 V. 
Since [¢(cutort) = 0, you need to know J¢(car) to determine how much variation in 
collector current can occur and still maintain linear operation of the transistor. 
Vec 20 V 
I = —~ = —— _ = 60.6mA 
eo) Re 3300 
The de load line is graphically illustrated in Figure 5—8, showing that before satura- 
tion is reached, Jc can increase an amount ideally equal to 


Te(sat) — Icq = 60.6mA — 39.6mA = 21.0mA 
However, Jc can decrease by 39.6 mA before cutoff (ic = 0) is reached. Therefore, 
the limiting excursion is 21 mA because the Q-point is closer to saturation than to cut- 


off: The 21 mA is the maximum peak variation of the collector current. Actually, it 
would be slightly less in practice because VF sat) 18 Not quite zero. 


» FIGURE 5-8 


Ic (mA) 
Ideal saturation 


60.6 


39.6 


va Ideal cutoff 
Vee (V) 


6:93 20 


Determine the maximum peak variation of the base current as follows: 


Topeak) 21 mA 
Ty peak) = Bae a 200 


= 105 pA 


Related Problem’ Find the Q-point for the circuit in Figure 5-7, and determine the maximum peak value of 
base current for linear operation for the following circuit values: Bpc = 100, Rc = 
1.0kQ, and Voc = 24 V. 


“Answers can be found at www.pearsonhighered.com/floyd. 


Open the Multisim file EO5-01 in the Examples folder on the companion website. 
Measure Jc and Vcg and compare with the calculated values. 
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ie Q-point. 


are the upper and lower limits on a dc load line in terms of Vc and I? 


point on the load line does saturation occur? At what point does cutoff occur? 
aximum V,,, where should the Q-point be placed? 


5—2 VOLTAGE-DIVIDER BIAS 


You will now study a method of biasing a transistor for linear operation using a single- 
source resistive voltage divider. This is the most widely used biasing method. Four 
other methods are covered in Section 5-3. 


After completing this section, you should be able to 


a Analyze a voltage-divider biased circuit 
¢ Define the term stiff voltage-divider ¢ Calculate currents and voltages in a 
voltage-divider biased circuit 
a Explain the loading effects in voltage-divider bias 
¢ Describe how dc input resistance at the transistor base affects the bias 
4 Apply Thevenin’s theorem to the analysis of voltage-divider bias 
¢ Analyze both npn and pnp circuits 


Up to this point a separate dc source, Vgp, was used to bias the base-emitter junction be- 
cause it could be varied independently of Vcc and it helped to illustrate transistor opera- 
tion. A more practical bias method is to use Vcc as the single bias source, as shown in 
Figure 5—9. To simplify the schematic, the battery symbol is omitted and replaced by a line 
termination circle with a voltage indicator (Vcc) as shown. 

A dc bias voltage at the base of the transistor can be developed by a resistive voltage- 
divider that consists of R, and R5, as shown in Figure 5—9. Vcc is the de collector supply 
voltage. Two current paths are between point A and ground: one through R> and the other 
through the base-emitter junction of the transistor and Rp. 

Generally, voltage-divider bias circuits are designed so that the base current is much 
smaller than the current (/,) through R» in Figure 5-9. In this case, the voltage-divider cir- 
cuit is very straightforward to analyze because the loading effect of the base current can be 
ignored. A voltage divider in which the base current is small compared to the current in R5 
is said to be a stiff voltage divider because the base voltage is relatively independent of 
different transistors and temperature effects. 

To analyze a voltage-divider circuit in which Jp is small compared to Jy, first calculate 
the voltage on the base using the unloaded voltage-divider rule: 


Vn = ( Ry yy 
Be NR Ra) 


Once you know the base voltage, you can find the voltages and currents in the circuit, as 
follows: 


Ve = Vp — VBE 


and 


a 
R 
a 
ll 
| 


Then, 


A FIGURE 5-9 


Voltage-divider bias. 


Equation 5-1 


Equation 5-2 


Equation 5-3 


Equation 5—4 
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Once you know Vc and Vz, you can determine Vo. 


Vor = Ve — Vg 


EXAMPLE 5-2 


Solution 


Related Problem 


Determine Veg and /¢ in the stiff voltage-divider biased transistor circuit of Figure 5—10 
if B De: = 100. 


» FIGURE 5-10 


The base voltage is 


R 5.6kO 
Va = ( 2 Wee = ( )iov = 359 


R, + Ro 15.6k0, 
So, 
Ve = Vp — Veg = 3.59 V — 0.7 V = 2.89 V 
and 
Ip = = = = = 5.16mA 
Therefore, 
Ic = Ig = 5.16mA 
and 


Va Weel ick, — 10V — G.16mA)(1.0kM) = 4.84V 
Vcr = Vo = Ve = 484V —2.89V =1.95V 


If the voltage divider in Figure 5—10 was not stiff, how would Vg be affected? 


Open the Multisim file EO5-02 in the Examples folder on the companion website. 
Measure /c and Veg. If these results do not agree very closely with those in the 
Example, what original assumption was incorrect? 


The basic analysis developed in Example 5—2 is all that is needed for most voltage- 
divider circuits, but there may be cases where you need to analyze the circuit with more ac- 
curacy. Ideally, a voltage-divider circuit is stiff, which means that the transistor does not 
appear as a significant load. All circuit design involves trade-offs; and one trade-off is that 
stiff voltage dividers require smaller resistors, which are not always desirable because of 
potential loading effects on other circuits and added power requirements. If the circuit 
designer wanted to raise the input resistance, the divider string may not be stiff; and more 
detailed analysis is required to calculate circuit parameters. To determine if the divider is stiff, 
you need to examine the dc input resistance looking in at the base as shown in Figure 5-11. 
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avec: Stiff: 4 FIGURE 5-11 
° 
Rinwase) = 10Ro Voltage divider with load. 
R 
Vp (en) ie 
= R, Ryyease) looking in Ri +R, 
at base of transistor Not stiff: 
— 


\ Rinpase) < LOR2 
| te [| - 
Ry + Ro || Rinwase) 


Loading Effects of Voltage-Divider Bias 


DC Input Resistance at the Transistor Base The dc input resistance of the transistor is 
proportional to Bpc, so it will change for different transistors. When a transistor is operat- 
ing in its linear region, the emitter current (/g) is Bpc/p. When the emitter resistor is 
viewed from the base circuit, the resistor appears to be larger than its actual value because 
of the de current gain in the transistor. That is, Rin(pase) = VB//p = Vp/(Ue/ Boc)- 


V . 
RyNBASE) = Poe 5 Equation 5-5 


This is the effective load on the voltage divider illustrated in Figure 5-11. 

You can quickly estimate the loading effect by comparing Ryn(pase) to the resistor Ro in 
the voltage divider. As long as Ryy(pase) 1S at least ten times larger than Ro, the loading 
effect will be 10% or less and the voltage divider is stiff. If RtN@AsE) is less than ten times 
Ry, it should be combined in parallel with R>. 


1.0kO 
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> FIGURE 5-13 


Thevenizing the bias circuit. 


Equation 5-6 


Thevenin’s Theorem Applied to Voltage-Divider Bias 


To analyze a voltage-divider biased transistor circuit for base current loading effects, we 
will apply Thevenin’s theorem to evaluate the circuit. First, let’s get an equivalent base- 
emitter circuit for the circuit in Figure 5—13(a) using Thevenin’s theorem. Looking out from 
the base terminal, the bias circuit can be redrawn as shown in Figure 5—13(b). Apply 
Thevenin’s theorem to the circuit left of point A, with Vcc replaced by a short to ground and 
the transistor disconnected from the circuit. The voltage at point A with respect to ground is 


V. ( Ra yy 
TH R rs R> CC 
and the resistance is 
Ri Ro 
Rr ~ Ro+ R 
1 2 
+Voc +Voc 
fo) 
SK Re 
<= 
R, r 
Boc +Vec 
I 
I 
Sh Ry RE 


(b) 


The Thevenin equivalent of the bias circuit, connected to the transistor base, is shown in 
the beige box in Figure 5—13(c). Applying Kirchhoff’s voltage law around the equivalent 
base-emitter loop gives 


Vru — Vern, ~ Var — Vr, = 9 


Substituting, using Ohm’s law, and solving for Vy, 


VpR t TpRe 


Vrn = JpRty + 


Substituting Jp/Bpc for Ip, 


Voy = Ip(Re + Rry/Bpc) + Vee 
Then solving for Jp, 
_ _Vra — Ver 
Ry + Rrp/Boc 


If Rry/Bpc is small compared to Rg, the result is the same as for an unloaded voltage divider. 
Voltage-divider bias is widely used because reasonably good bias stability is achieved 
with a single supply voltage. 


Tr 


Voltage-Divider Biased PNP Transistor As you know, a pnp transistor requires bias 
polarities opposite to the npn. This can be accomplished with a negative collector supply 
voltage, as in Figure 5—14(a), or with a positive emitter supply voltage, as in Figure 5—14(b). 
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+Ver 
(a) Negative collector (b) Positive emitter (c) The circuit in 
supply voltage, Voc supply voltage, Vip (b) redrawn 


A FIGURE 5-14 


Voltage-divider biased pnp transistor. 


In a schematic, the pnp is often drawn upside down so that the supply voltage is at the top 
of the schematic and ground at the bottom, as in Figure 5—14(c). 

The analysis procedure is the same as for an npn transistor circuit using Thevenin’s the- 
orem and Kirchhoff’s voltage law, as demonstrated in the following steps with reference to 
Figure 5—14. For Figure 5—14(a), applying Kirchhoff’s voltage law around the base-emit- 
ter circuit gives 


Vr + IpRry = VBE + TpRg =0 


By Thevenin’s theorem, 


Ri Ro 
Rry = 
R, + Ro 
The base current is 
[ 
Ee enk.: 
Ppc 
The equation for Jf is 
—VrH + V, 
Ip = BE Equation 5—7 


~ Re + Rru/Bpc 


For Figure 5—14(b), the analysis is as follows: 
Vru + JpRry — Vee + JeRe — Veg = 0 


v. -( = yy 
TH Ri + Rp EE 


Re = R\Ry 
THR, + Ry 
p= 
Boc 
The equation for Jf is 
Ip = You + Ver — Vee Equation 5-8 


Ry + Rrp/Boc 
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EXAMPLE 5-4 Find Jc and Vgc for the pnp transistor circuit in Figure 5-15. 
® FIGURE 5-15 
Veg 
+10 V 


a 
1.0k0, 
Bpc = 150 


Re 
2.2 kO, 


Solution This circuit has the configuration of Figures 5—14(b) and (c). Apply Thevenin’s 


theorem. 
v. ( zi yy ( eek iow (0.688)10 V = 6.88 V 
Cee) © \ 20K + 10k0 
R\R> (22 kQ)(10 kQ) 
Rie = - = 6.88k0 
senor © 22kO + 10k 
Use Equation 5-8 to determine Jp. 
Vou + Vae— Ves 688V+0.7V-10V -2.42V 
= - = 2.31mA 
Re Rra/ Bc 1.0kO + 45.90 1.0459 kO 


The negative sign on /g indicates that the assumed current direction in the Kirchhoff’s 
analysis is opposite from the actual current direction. From Jp, you can determine Ic 
and Vgc as follows: 
Ic = Ip = 2.31 mA 
Vo = [cRe = (2.31 mA)(2.2kQ) = 5.08 V 
Ve = Ver — [pRp = 10 V — (2.31 mA)(1.0kQ) = 7.68 V 
Vec = Ve — Vc = 7.68 V — 5.08 V = 2.6V 


Related Problem Determine Ryypasg) for Figure 5—15. 


Open the Multisim file EO5-04 in the Examples folder on the companion website. 
Measure Jc and Vgc. 


EXAMPLE 5-5 Find /c and Vcg for a pnp transistor circuit with these values: R; = 68k0, Ro = 
47kO, Ro = 1.8k0, Re = 2.2k0, Veo = —6V, and Bpc = 75. Refer to Figure 
5—14(a), which shows the schematic with a negative supply voltage. 


Solution Apply Thevenin’s theorem. 


7 =/ Ry \v =| 47kO, \ 6V) 
eRe) ~~ ©) \68kO + 47k0 


= (0.409)(—6 V) = —2.45 V 
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RiR> (68 kQ.)(47 kQ) 
DROPR, G8kO + 47k0) 


Ry = DBI) 


Use Equation 5—7 to determine Jp. 


—Vrn +t Vez 2.45V + 0.7V 


JE = => 
E Re + Rre/Bpc  2.2kO + 3710 
3.15V 
ee 


From J/g, you can determine Jc and Veg as follows: 
Ic = Ig = 1.23mA 
Vo = —Vec + IcRe = —6V + (1.23 mA)(1.8k0) = —3.79 V 
Ve = —IgRp = —(1.23 mA)(2.2kQ) = —2.71 V 
Vcr = Vo — Vg = —3.79V + 2.71 V = —1.08V 


Related Problem What value of Bpc is required in this example in order to neglect Ryygasp) in keeping 
with the basic ten-times rule for a stiff voltage divider? 


base of a transistor is 5 V and the base current is 5 wA, what is the 
c beta of 190, Vg = 2V, and J; = 2 mA, what is the dc input 
is developed at the base of a transistor if both resistors in a stiff 


qual and Vcc = +10V? 
tages of voltage-divider bias? 


5-3 OTHER BIAS METHODS 


In this section, four additional methods for dc biasing a transistor circuit are discussed. 
Although these methods are not as common as voltage-divider bias, you should be able 
to recognize them when you see them and understand the basic differences. 


After completing this section, you should be able to 


a Analyze four more types of bias circuits 
4 Discuss emitter bias 
¢ Analyze an emitter-biased circuit 
4 Discuss base bias 
¢ Analyze a base-biased circuit Explain Q-point stability of base bias 
4 Discuss emitter-feedback bias 
¢ Define negative feedback ¢ Analyze an emitter-feedback biased circuit 
4 Discuss collector-feedback bias 
¢ Analyze a collector-feedback biased circuit ¢ Discuss Q-point stability over 
temperature 


Emitter Bias 


Emitter bias provides excellent bias stability in spite of changes in 8 or temperature. It uses 
both a positive and a negative supply voltage. To obtain a reasonable estimate of the key dc 
values in an emitter-biased circuit, analysis is quite easy. In an npn circuit, such as shown 
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in Figure 5—17, the small base current causes the base voltage to be slightly below ground. 
The emitter voltage is one diode drop less than this. The combination of this small drop 
across Rpg and Vg forces the emitter to be at approximately —1 V. Using this approxima- 


tion, you can obtain the emitter current as 

—Ver — 1V 

Tp SS —— 
RE 


Veg is entered as a negative value in this equation. 
You can apply the approximation that J. = J, to calculate the collector voltage. 
Vo Vea ioke 


The approximation that Vz = —1 V is useful for troubleshooting because you won’t need 
to perform any detailed calculations. As in the case of voltage-divider bias, there is a more 
rigorous calculation for cases where you need a more exact result. 


EXAMPLE 5-6 


Solution 


Related Problem 


Calculate 7g and Veg for the circuit in Figure 5—16 using the approximations 
Va = —1VandI¢ = Ife, 


® FIGURE 5-16 


Vee 
+15 V 
° 


Re 
4.7kO, 


Rp 
10kQ 
Veg 
-15V 
Va = =1V 
eeeiv —Cisv)-1V 14v 
p= = = = 14mA 
: i 10kQ 10kO e 


Vee Veer Toke — +15 V — (.4mA)(4.7kQ) = 8.4V 
Von = 8.4V - (-1) = 9.4V 


If Veg is changed to —12 V, what is the new value of Vc? 


The approximation that Vg = —1V and the neglect of Bpc may not be accurate 
enough for design work or detailed analysis. In this case, Kirchhoff’s voltage law can be 
applied as follows to develop a more detailed formula for J/g. Kirchhoff’s voltage law ap- 
plied around the base-emitter circuit in Figure 5—17(a), which has been redrawn in part (b) 
for analysis, gives the following equation: 


Ver + Va VBE Vr, = 0 


Substituting, using Ohm’s law, 


VEE t IpRp VBE TpReE =0 
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Voc <4 FIGURE 5-17 
iT An npn transistor with emitter bias. 
re Fs Ro Polarities are reversed for a pnp tran- 
e sistor. Single subscripts indicate volt- 
ee ages with respect to ground. 
iY + 
Tz Var — 
+ 
Ip = ay 
—~ Ver 
i 


(b) 


Substituting for Jj = 7Jg/Bpc and transposing Veg, 
Tp 
oe Rp oi TpReE + VBE = —VerR 
ie 
Factoring out /g and solving for Jp, 
_ Ver — Vee 
Ry + Rp/Boc 


Voltages with respect to ground are indicated by a single subscript. The emitter voltage 
with respect to ground is 


Tr 


Ve = Ver + [pRe 
The base voltage with respect to ground is 
Vg = Ve + Vez 
The collector voltage with respect to ground is 


Vo = Vec — IcRe 


Equation 5-9 


Vec 
+15 V 
Re 
4.7kQO 
Rg 
47kO. 

RE 
10kO 

VEE 


-15V 


, Vcg) for the circuit in Figure 5-18 will change 
n one transistor is replaced by another. 
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Solution For Bpc = 100, 

_ =igq — Was _ =(—15 W) = OP 
Re + Rp/Bpc 10kQ + 47k0/100 

Ve = Vec =— Toke = 15. = (1.37 mA)(4.7 kQ) = 8.56 V 


Ve = Veg + IpRp = —15 V + (1.37 mA)10kO) = -1.3V 

Therefore, 
Ver (iin. Cima Rio 520 Vo — (—1'3 V) = 9:83 V 
For Bpc = 200, 
Toa) = Te = 7 ae ~ 10 aes Zee eA 

Ve = Vee — IeayRc = 15 V — 1.38 mA)(4.7kQ) = 8.51 V 

Ve = Veg + IpRe = —15 V + (1.38 mA)10k0) = -1.2V 
Therefore, 


VcR(2) Ve = Ve = 851 V — (=.2)) =971V 


The percent change in Jc as Bpc changes from 100 to 200 is 


Ia) — I 1.38mA — 137mA 
%Mc = (He ) 00% = ( Wea ) 100% = 0.730% 


The percent change in Veg is 


Vcr) — “9 ) 100% Z eS — 9.83 V 


100% = —1.22% 
9.83 V ) ue ° 


gaven— ( Vor) 


Related Problem Determine the Q-point in Figure 5-18 if Bpc increases to 300. 


Base Bias 


This method of biasing is common in switching circuits. Figure 5-19 shows a base-biased 
transistor. The analysis of this circuit for the linear region shows that it is directly depend- 
ent on Bpc. Starting with Kirchhoff’s voltage law around the base circuit, 


Voc — Vr, ~ Vaz = 9 
Substituting /pRp for Vp,, you get 

Voc — IpRp — Ver = 0 
Then solving for Jp, 


Vec — Var 


in = 
B Rp 


A FIGURE 5-19 
Base bias. Kirchhoff’s voltage law applied around the collector circuit in Figure 5—19 gives the fol- 
lowing equation: 


Veo — Icke — Ven = 0 
Solving for Vcg, 
Equation 5-10 Vee = Vec — I[cRe 
Substituting the expression for /g into the formula Jc = Bpclp yields 


ot 


Equation 5-11 Ic = Boe R 
B 


OTHER BIAS METHODS 


Q-Point Stability of Base Bias Notice that Equation 5-11 shows that Jc is dependent 
on Bpc. The disadvantage of this is that a variation in Bpc causes /¢ and, as a result, Veg 
to change, thus changing the Q-point of the transistor. This makes the base bias circuit 
extremely beta-dependent and unpredictable. 

Recall that Bpc varies with temperature and collector current. In addition, there is a 
large spread of Bpc values from one transistor to another of the same type due to manu- 
facturing variations. For these reasons, base bias is rarely used in linear circuits but is dis- 
cussed here so you will be familiar with it. 
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EXAMPLE 5-8 Determine how much the Q-point (/c, Veg) for the circuit in Figure 5—20 will change 


over a temperature range where Bpc increases from 100 to 200. 


» FIGURE 5-20 


Solution For Bpc = 100, 


vee V; DN 0.7 V 
iy = Boe( a a) = 100( ) = 3.42mA 


Rp 330kO 


Vora) = Vec = TeayRc =12V—- (3.42 mA)(560 QD) = 10.1V 


For Bpc = 200, 


Vee Vin Dy 07V 
Fea) = B ve( aoe ( 330kQ 


VoR(2) = Vec = Toa) Re = ID (6.84 mA)(560 Q) = 8.17V 


The percent change in Jc as Bpc changes from 100 to 200 is 


Tea) — Tea) 


%AIc = 100% 
Toc) 


- (SSms — 3.42mA 
3.42 mA 


The percent change in V¢g is 


VcR(2) — YS) 100% 


cove - ( Ver) 


7 (ex SOL 
10.1V 


) = 6.84 mA 


100% = 100% (an increase) 


) 100% = —19.1% (a decrease) 


As you can see, the Q-point is very dependent on Bpc in this circuit and therefore 
makes the base bias arrangement very unreliable. Consequently, base bias is not nor- 
mally used if linear operation is required. However, it can be used in switching 
applications. 


Related Problem Determine Jc if Bpc increases to 300. 
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Open the Multisim file E05-08 in the Examples folder on the companion website. 
Set Bpc = 100 and measure Jc and Vo. Next, set Bpc = 200 and measure Jc 
and Vcg. Compare results with the calculated values. 


A FIGURE 5-21 


Emitter-feedback bias. 


Equation 5-12 


Emitter-Feedback Bias 


If an emitter resistor is added to the base-bias circuit in Figure 5—20, the result is emitter- 
feedback bias, as shown in Figure 5—21. The idea is to help make base bias more pre- 
dictable with negative feedback, which negates any attempted change in collector current 
with an opposing change in base voltage. If the collector current tries to increase, the emit- 
ter voltage increases, causing an increase in base voltage because Vg = Vg + Vpg. This in- 
crease in base voltage reduces the voltage across Rp, thus reducing the base current and 
keeping the collector current from increasing. A similar action occurs if the collector cur- 
rent tries to decrease. While this is better for linear circuits than base bias, it is still de- 
pendent on Bpc and is not as predictable as voltage-divider bias. To calculate Jg, you can 
write Kirchhoff’s voltage law (KVL) around the base circuit. 


Vec t IpRp t VpR + TpRp = 0 


Substituting J¢/Bpc for Zp, you can see that Jp is still dependent on Bpc. 


Vcc — Ver 


Ip = —CC BE 
Ry + Rg/Bpc 


EXAMPLE 5-9 


Solution 


Related Problem 


The base-bias circuit from Example 5-8 is converted to emitter-feedback bias by the 
addition of a 1 kQ emitter resistor. All other values are the same, and a transistor with 
a Bpc = 100 is used. Determine how much the Q-point will change if the first transis- 
tor is replaced with one having a Bpc = 200. Compare the results to those of the 
base-bias circuit. 


For Bpc = 100, 


Veco - =) 
_ es i en 
Re + Rp/Bpc 1 kQ + 330k/100 


Vcr) ae Voc a Tea(Re te Rg) = 12V—- (2.63 mA)(560 = 1kQ) = 7.90 V 
For Bpc = 200, 


Tea = LE 


Vcc — Ver 12V -0.7V 
Ry + Rp/Bpc 1k + 330k0/200 
VcR2) = Vec >= Teay)(Re al Rg) = 12V- (4.26 mA)(560 0 al 1kQ) = 5.35 V 


Toa) = Tp = 426mA 


The percent change in Jc is 


Tea) — | team — 2.63 mA) 
%AIo = ae 100% = 100% = 62.0% 
: cU) 2.63 mA 
Vor) — Ve 7.90V — 5.35V 
AVR = (2) 00% = ( ay ) 100% = —32,3% 
CE(1) : 


Although the emitter-feedback bias significantly improved the stability of the bias for 
a change in Bpc compared to base bias, it still does not provide a reliable Q-point. 


Determine Jc if a transistor with Bpc = 300 is used in the circuit. 


Collector-Feedback Bias 


In Figure 5—22, the base resistor Rg is connected to the collector rather than to Vcc, as it 
was in the base bias arrangement discussed earlier. The collector voltage provides the bias 
for the base-emitter junction. The negative feedback creates an “offsetting” effect that 
tends to keep the Q-point stable. If Jc tries to increase, it drops more voltage across Rc, 
thereby causing Vc to decrease. When Vc decreases, there is a decrease in voltage across 
Rg, which decreases [g. The decrease in /g produces less Jc which, in turn, drops less volt- 
age across Rc and thus offsets the decrease in Vc. 


Analysis of a Collector-Feedback Bias Circuit By Ohm’s law, the base current can be 
expressed as 
k= Vo — Ver 
= 
Rp 
Let’s assume that Jc >> Ig. The collector voltage is 
Ve = Veo — ieke 


Also, 


Substituting for Vc in the equation Ip = (Vc — Vpp)/Rp, 
Ig -_ Veo — Icke = Ver 


Boc Rp 
The terms can be arranged so that 
IcRp 
+ IcRc = Voc — VBE 
Boc 


pc 
f= Vcc — VBE 
Rc + Rp/Boc 


Since the emitter is ground, Veg = Ve. 


Vee = Vcc — IcRc 


Q-Point Stability Over Temperature Equation 5-13 shows that the collector current is 
dependent to some extent on Bpc and Vgg. This dependency, of course, can be minimized 
by making Ro >> Rp/Bpc and Vec => Vp. An important feature of collector-feedback 
bias is that it essentially eliminates the Bpc and Vgg dependency even if the stated condi- 
tions are met. 

As you have learned, Bpc varies directly with temperature, and Vpp varies inversely 
with temperature. As the temperature goes up in a collector-feedback circuit, Bpc goes 
up and Vgg goes down. The increase in Bpc acts to increase Ic. The decrease in Vgg 
acts to increase Jy which, in turn also acts to increase Jc. As J¢ tries to increase, the 
voltage drop across Rc also tries to increase. This tends to reduce the collector voltage 
and therefore the voltage across Rp, thus reducing /p and offsetting the attempted in- 
crease in Jc and the attempted decrease in Vc. The result is that the collector-feedback 
circuit maintains a relatively stable Q-point. The reverse action occurs when the tem- 
perature decreases. 


OTHER BIAs METHODS 


A FIGURE 5-22 


. 2 
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Collector-feedback bias. 


Equation 5-13 


Equation 5-14 
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EXAMPLE 5-10 Calculate the Q-point values (/¢ and Vcg) for the circuit in Figure 5—23. 


» FIGURE 5-23 


Solution Using Equation 5-13, the collector current is 


Pic or OV O7V 788 pA 
ST RE> Ra/Gpc | 10kO + 180/100 


Using Equation 5-14, the collector-to-emitter voltage is 
Veg = Vec — IcRc = 10 V — (788 pA)A0kQO) = 2.12 V 


Related Problem Calculate the Q-point values in Figure 5—23 for Bpc = 200 and determine the percent 
change in the Q-point from Bpc = 100 to Bpc = 200. 


itp Open the Multisim file EO5-10 in the Examples folder on the companion website. 
Measure Jc and Vcg. Compare with the calculated values. 


jas more stable than base bias? 
lisadvantage of emitter bias? 
increase in Bpc causes a reduction in base current in a collector-feed- 


jisadvantage of the base bias method? 
ise bias Q-point changes with temperature. 
1-feedback bias improve on base bias? 


5-4 TROUBLESHOOTING 


In a biased transistor circuit, the transistor can fail or a resistor in the bias circuit can 
fail. We will examine several possibilities in this section using the voltage-divider bias 
arrangement. Many circuit failures result from open resistors, internally open transistor 
leads and junctions, or shorted junctions. Often, these failures can produce an apparent 
cutoff or saturation condition when voltage is measured at the collector. 


After completing this section, you should be able to 


a Troubleshoot faults in transistor bias circuits 

a Troubleshoot a voltage-divider biased transistor circuit 
¢ Troubleshoot the circuit for several common faults ¢ Use voltage measurement 
to isolate a fault 


Troubleshooting a Voltage-Divider Biased Transistor 


An example of a transistor with voltage-divider bias is shown in Figure 5—24. For the spe- 
cific component values shown, you should get the voltage readings approximately as indi- 
cated when the circuit is operating properly. 


<@ FIGURE 5-24 


A voltage-divider biased transistor 
with correct voltages. 


For this type of bias circuit, a particular group of faults will cause the transistor collec- 
tor to be at Voc when measured with respect to ground. Five faults are indicated for the cir- 
cuit in Figure 5—25(a). The collector voltage is equal to 10 V with respect to ground for 
each of the faults as indicated in the table in part (b). Also, for each of the faults, the base 
voltage and the emitter voltage with respect to ground are given. 


Vec 


FAULT DESCRIPTION 


(a) Faulty circuit (b) Possible faults for circuit in part (a) 


A FIGURE 5-25 


Faults for which Vc = V¢c. 


Fault 1: Resistor R; Open This fault removes the bias voltage from the base, thus connect- 
ing the base to ground through R, and forcing the transistor into cutoff because Vg = O V and 
Ip = OA. The transistor is nonconducting so there is no Jc and, therefore, no voltage drop 
across Rc. This makes the collector voltage equal to Vcc (10 V). Since there is no base cur- 
rent or collector current, there is also no emitter current and Vp = 0 V. 


Fault 2: Resistor R_ Open This fault prevents base current, emitter current, and collec- 
tor current except for a very small Icgo that can be neglected. Since Jc = 0 A, there is no 


TROUBLESHOOTING 
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voltage drop across Rc and, therefore, Vc = Voc = 10 V. The voltage divider produces a 
voltage at the base with respect to ground as follows: 


R, 4.7kO 
= Ve= 10 V = 3.20V 
5 (= + =) a (9) 


When a voltmeter is connected to the emitter, it provides a current path through its high 
internal impedance, resulting in a forward-biased base-emitter junction. Therefore, the 
emitter voltage is Ve = Vg — Vp. The amount of the forward voltage drop across the BE 
junction depends on the current. Vgp = 0.7 V is assumed for purposes of illustration, but it 
may be much less. The result is an emitter voltage as follows: 


Ve = VB VpR =32V 0.7V =2.5V 


Fault 3: Base Internally Open An internal transistor fault is more likely to happen than 
an open resistor. Again, the transistor is nonconducting so Jc = 0 A and Ve = Vec = 10 V. 
Just as for the case of the open Rg, the voltage divider produces 3.2 V at the external base 
connection. The voltage at the external emitter connection is 0 V because there is no emit- 
ter current through Rg and, thus, no voltage drop. 


Fault 4: Emitter Internally Open Again, the transistor is nonconducting, so [Jc = 0 A 
and Vc = Vcc = 10 V. Just as for the case of the open Rx and the internally open base, the 
voltage divider produces 3.2 V at the base. The voltage at the external emitter lead is 0 V 
because that point is open and connected to ground through Rg. Notice that Faults 3 and 4 
produce identical symptoms. 


Fault 5: Collector Internally Open Since there is an internal open in the transistor col- 
lector, there is no Jc and, therefore, Ve = Vcc = 10 V. In this situation, the voltage divider is 
loaded by Rg through the forward-biased BE junction, as shown by the approximate equiva- 
lent circuit in Figure 5—26. The base voltage and emitter voltage are determined as follows: 


- R)|Re 
Va = Ven EOTY 
R, + RollRe 


427 0, 
= 10V +0.7V =041V +0.7V = 1L11V 
Ca e ° ee 


Ve — Vp a VBE =111V-07V=041V 


> FIGURE 5-26 Voc 
+10V 


Equivalent bias circuit for an inter- 
nally open collector. 


Diode equivalent of BE junction 


Vp Ve 


There are two possible additional faults for which the transistor is conducting or 
appears to be conducting, based on the collector voltage measurement. These are indicated 
in Figure 5—27. 


Fault 6: Resistor Rc Open For this fault, which is illustrated in Figure 5—27(a), the col- 
lector voltage may lead you to think that the transistor is in saturation, but actually it is 
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<@ FIGURE 5-27 


Faults for which the transistor is con- 
ducting or appears to be conducting. 


(a) Rc open (b) R, open 


nonconducting. Obviously, if Rc is open, there can be no collector current. In this situation, 
the equivalent bias circuit is the same as for Fault 5, as illustrated in Figure 5—26. 
Therefore, Vg = 1.11 V and since the BE junction is forward-biased, 


Ve = Vg — Veg = 1.11V —-0.7V = 041V 


When a voltmeter is connected to the collector to measure Vc, a current path is provided 
through the internal impedance of the meter and the BC junction is forward-biased by Vg. 
Therefore, 


Vo = Vp = Vec =111V-0.7V=041V 


Again the forward drops across the internal transistor junctions depend on the current. 
We are using 0.7 V for illustration, but the forward drops may be much less. 


Fault 7: Resistor R2Open When R; opens as shown in Figure 5—27(b), the base voltage 
and base current increase from their normal values because the voltage divider is now 
formed by R; and Ryypase)- In this case, the base voltage is determined by the emitter 
voltage (Vg = Vg + Vpp). 

First, verify whether the transistor is in saturation or not. The collector saturation cur- 
rent and the base current required to produce saturation are determined as follows (assum- 
ing Vor(sat) = 0.2 V): 


Veco ~ Vera) 9.8 V 


Ieveat) = = 6.67mA 

Ca — Rae Re LATKO o 
Te(sat) 6.67 mA 

Ingen) = “po = 39g = 222 HA 


Assuming the transistor is saturated, the maximum base current is determined. 
Tesat) = 6.67 mA 
Ve = Jewanke = 3.13 V 
Vg = Ve + Veg = 3.83 V 
BpcVgp —(300)(3.83 V) 
Ie -~«6.67mA 
_ Vec — 10V 
R, + Rijwasey = 182 kO, 


= 172k0, 


RiIN(BASE) = 


Is = 54.9mA 


Since this amount of base current is more than enough to produce saturation, the transistor 
is definitely saturated. Therefore, Vz, Vg, and V¢ are as follows: 

Ve = 3.13 V 

Vg = 3.83 V 

Ve = Veco — IcwayRe = 10 V — (6.67 mA)1.0kQ) = 3.33 V 
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 46Multisim Troubleshooting Exercises 
ili 


These file circuits are in the Troubleshooting Exercises folder on the companion website. 
Open each file and determine if the circuit is working properly. If it is not working 
properly, determine the fault. 


1. Multisim file TSEOS-01 
2. Multisim file TSEO5-02 
3. Multisim file TSEO5-03 
4 
5 


. Multisim file TSEO5-04 
- Multisim file TSEOS-05 


nine when a transistor is saturated? When a transistor is in cutoff? 


ler biased npn transistor circuit, you measure Vcc at the collector and 
).7 V less than the base voltage. Is the transistor functioning in cut- 


S does an open Rc produce? 


Application Activity: Temperature to Voltage Conversion 


The focus of this Application Activity is a temperature-sensing circuit that converts the tem- 
perature of a liquid to a proportional voltage for the purpose of maintaining the temperature 
of the liquid within a specified range. Figure 5—28 illustrates the temperature-control system. 
The temperature sensor is a thermistor, which is a device whose resistance changes with 
temperature. The thermistor is connected to a transistor circuit that is biased for linear opera- 
tion. The output voltage of the circuit is proportional to the thermistor resistance and thus to 
the temperature of the liquid in the tank. The output voltage goes to an interface circuit that 


» FIGURE 5-28 


Temperature-control system. 


Thermistor 


Temperature- 
to-voltage 
conversion 
circuit 


Continuously 


ae variable valve 


controls the valve to control the flow of fuel to the burner based on the voltage. If the temper- 
ature of the liquid is below a set value, the fuel is increased and if it is above that value, the 
fuel is decreased. The temperature is to be maintained at 70°C + 5°C. 


Designing the Circuit 


Circuit Configuration A voltage-divider biased linear amplifier is used for the temperature- 
to-voltage conversion. The thermistor is used as one of the resistors in the voltage-divider 
bias. This thermistor has a positive temperature coefficient so, if the temperature increases, 
the resistance of the thermistor increases and if the temperature decreases, the resistance 
decreases. The base voltage changes proportionally to the change in thermistor resistance. 
The output voltage is inversely proportional to the base voltage, so as the temperature goes 
up, the output voltage decreases and reduces the fuel flow to the burner. As the temperature 
goes down, the output voltage increases and allows more fuel to the burner. 


Components As shown in Figure 5—29(a), the circuit is implemented with a 2N3904 
transistor, three resistors and a thermistor with the values shown, and a+9 V dc source. 
The thermistor has the temperature characteristic shown in part (b). 


FIGURE 5-29 


Temperature-to-voltage conversion 
circuit. 


THERMIS 


1. Plot a graph of the thermistor temperature characteristic. 

2. Refer to Figure 5—29 and calculate the emitter and collector currents for each 
temperature shown. 

3. Calculate the output voltage for each temperature shown in Figure 5—29. 


Simulation 


The temperature-to-voltage conversion circuit is simulated to determine how the output 
voltage changes with temperature, as shown in Figure 5—30. The thermistor is represented 
by a resistor with values corresponding to each specified temperature. 

4. Compare your calculations for the output voltage with the simulated values. 


virtual multimeter. 


Simulate the circuit using your Multisim software. Observe the operation with the | 


Prototyping and Testing 


Now that all the components have been selected, the prototype circuit is constructed and tested. 
After the circuit is successfully tested, it is ready to be finalized on a printed circuit board. 
Lab Experiment 


= 
| To build and test a similar circuit, go to Experiment 5 in your lab manual (Laboratory 
x | Exercises for Electronic Devices by David Buchla and Steven Wetterling). 
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<~ Multimeter-... 


Rinerm = 1-481 kO Riherm = 1-753 kO Riherm = 2.084 kQ Riherm = 2-490 kQ 


(b) Circuit output voltages at 65°, 70°, 75°, and 80° 


FIGURE 5-30 


Operation of the temperature-to-voltage conversion circuit over temperature. 


The Printed Circuit Board 


A partially completed printed circuit board is shown in Figure 5—31. Indicate how you would 
add conductive traces to complete the circuit and show the input/output terminal functions. 


FIGURE 5-31 


Partially complete temperature con- 
version circuit PC board. 


Ss 
5 
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SUMMARY OF TRANSISTOR BIAS CIRCUITS 


‘ } Icelg 
Ip = >—2— VEE Vp 
Rin(BASE) Ip = Ry 
Voc 
° 
Vp = Vee 
Ske 
Ve=Vec—lcRe [*— Ve=Vec—Icke 
Vp = Ver +—— Va=0V 
=0 —V 
eee — 1o= Boe (“, | 
T= Vcc7 VBe ~ 
Co R C pele 
Ip=lo ae Vee 
B 


— Vee 
Ip= eS — 


Vp =[gRe + Vee 


Ro Wa Veeck 
NES 


bAA C— 
= 


_ Veco= Vee 
EY Re +RpBpc 
Re 
Icelg 


_Vec— Vp 
Rg 


Ts 
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SUMMARY 
Section 5-1 
Section 5-2 
Section 5-3 


KEY TERMS 


_ KEY FORMULAS 


Sd 


Sd 


Sd 


The purpose of biasing a circuit is to establish a proper stable dc operating point (Q-point). 


The Q-point of a circuit is defined by specific values for Jc and Vcg. These values are called the 
coordinates of the Q-point. 


A dc load line passes through the Q-point on a transistor’s collector curves intersecting the verti- 
cal axis at approximately J¢s,) and the horizontal axis at Vog(off)- 


The linear (active) operating region of a transistor lies along the load line below saturation and 
above cutoff. 


Loading effects are neglected for a stiff voltage divider. 

The dc input resistance at the base of a BJT is approximately BpcRg. 

Voltage-divider bias provides good Q-point stability with a single-polarity supply voltage. It is 
the most common bias circuit. 

Emitter bias generally provides good Q-point stability but requires both positive and negative 
supply voltages. 

The base bias circuit arrangement has poor stability because its Q-point varies widely with Bpc. 
Emitter-feedback bias combines base bias with the addition of an emitter resistor. 


Collector-feedback bias provides good stability using negative feedback from collector to base. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


DC load line A straight line plot of Jc and Vc for a transistor circuit. 


Feedback The process of returning a portion of a circuit’s output back to the input in such a way as 
to oppose or aid a change in the output. 


Linear region The region of operation along the load line between saturation and cutoff. 


Q-point The dc operating (bias) point of an amplifier specified by voltage and current values. 


Stiff voltage divider A voltage divider for which loading effects can be neglected. 


Voltage-Divider Bias 


R 
5-1 Vg = (gee) Vec for a stiff voltage divider 
5-2 VE = VB = VBE 
Ve 
5-3 Ic = Ik => — 
RE 
5-4 Ve = Vcc = TcRe 
BocVB 
5-5 RyNBAsE) = 7 
E 
Vru — V; 
5-6 — TH BE 
Re + Rra/Bpc 
—Vrn + V, 
5-7 Ip = Ve 
Re + Rra/Bpc 
Vru + Ver — V, 
5-8 a TH BE EE 


Re + Rru/Bpc 


Emitter Bias 


5-9 In = 


—Ver — Vee 
Re + Rp/Bpc 


_TRUE/FALSE QUIZ 


_CIRCUIT-ACTION QUIZ 


CircuIT-ACTION Quiz ¢ 


Base Bias 
5-10 Vcr = Vcc = TcRc 
Vcc — V; 
sl Ie = Poe( ~—"**) 
Rg 
Emitter-Feedback Bias 
Vcc — V; 
5-12 Ip = CC BE 
Re + Rpg/Bpc 
Collector-Feedback Bias 
Vcc — V; 
5-13 Ic = CC TBE 
Rc + Rs/Boc 


5-14 Vcr = Vcc = TcR¢ 


Answers can be found at www.pearsonhighered.com/floyd. 


= 


. DC bias establishes the de operating point for an amplifier. 


. Q-point is the quadratic point in a bias circuit. 


. The dc load line intersects the vertical axis of a transistor characteristic curve at Ic = 0. 
The linear region of a transistor’s operation lies between saturation and cutoff. 

. Voltage-divider bias is rarely used. 

. Input resistance at the base of the transistor can affect voltage-divider bias. 


. Stiff voltage-divider bias is essentially independent of base loading. 


ye rntavan bk wn 


. Emitter bias uses one dc supply voltage. 


— 
S 


. Negative feedback is employed in collector-feedback bias. 


= 
_ 


. Base bias is less stable than voltage-divider bias. 


— 
N 


. A pnp transistor requires bias voltage polarities opposite to an npn transistor. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. If Vgp in Figure 5—7 is increased, the Q-point value of collector current will 
(a) increase (b) decrease (c) not change 

2. If Vgp in Figure 5-7 is increased, the Q-point value of Vcg will 
(a) increase (b) decrease (c) not change 

3. If the value of Ry in Figure 5—10 is reduced, the base voltage will 
(a) increase (b) decrease (c) not change 

4. If the value of R, in Figure 5-10 is increased, the emitter current will 
(a) increase (b) decrease (c) not change 

5. If Rg in Figure 5—15 is decreased, the collector current will 
(a) increase (b) decrease (c) not change 

6. If Rg in Figure 5-18 is reduced, the base-to-emitter voltage will 
(a) increase (b) decrease (c) not change 

7. If Voc in Figure 5—20 is increased, the base-to-emitter voltage will 
(a) increase (b) decrease (c) not change 

8. If R, in Figure 5—24 opens, the collector voltage will 
(a) increase (b) decrease (c) not change 

9. If Rp in Figure 5—24 opens, the collector voltage will 
(a) increase (b) decrease (c) not change 

10. If R, in Figure S—24 is increased, the emitter current will 


(a) increase (b) decrease (c) not change 
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. The dc load line intersects the horizontal axis of a transistor characteristic curve at Vog = Vcc. 
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SELF-TEST 


Section 5-1 


Section 5-2 


Section 5-3 


Section 5—4 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


10. 


11. 


12. 


13. 


14. 


The maximum value of collector current in a biased transistor is 
(a) Bpclp (b) Tecsat) (c) greater than Jp (d) Ig — Ip 


. Ideally, a dc load line is a straight line drawn on the collector characteristic curves between 


(a) the Q-point and cutoff (b) the Q-point and saturation 
(c) Vex(cutorty and Fc(sat) (d) fg = Oand Ig = Ic/Bpc 


. If a sinusoidal voltage is applied to the base of a biased npn transistor and the resulting sinu- 


soidal collector voltage is clipped near zero volts, the transistor is 
(a) being driven into saturation (b) being driven into cutoff 
(c) operating nonlinearly (d) answers (a) and (c) 


(e) answers (b) and (c) 


. The input resistance at the base of a biased transistor depends mainly on 


(a) Boc = (b) Rp () RE) Bocand Rg 


. Ina voltage-divider biased transistor circuit such as in Figure 5-13, Rpypasey Can generally be 


neglected in calculations when 


(a) Rinwase) > Ro (b) Ro > LOR Base) (c) Rinpasey > 1OR2 (d) Rj < Ry 


. In a certain voltage-divider biased npn transistor, Vg is 2.95 V. The dc emitter voltage is ap- 


proximately 
(a) 2.25 V (b) 2.95 V (c) 3.65 V (d) 0.7V 


. Voltage-divider bias 


(a) cannot be independent of Bpc (b) can be essentially independent of Bpc 


(c) is not widely used (d) requires fewer components than all the other methods 


. Emitter bias is 


(a) essentially independent of Bpc (b) very dependent on Bpc 


(c) provides a stable bias point (d) answers (a) and (c) 


. In an emitter bias circuit, Rp = 2.7kO and Veg = 15 V. The emitter current 


(a) is 5.3 mA (b) is 2.7 mA 

(c) is 180 mA (d) cannot be determined 

The disadvantage of base bias is that 

(a) it is very complex (b) it produces low gain 

(c) it is too beta dependent (d) it produces high leakage current 
Collector-feedback bias is 

(a) based on the principle of positive feedback (b) based on beta multiplication 
(c) based on the principle of negative feedback (d) not very stable 


In a voltage-divider biased npn transistor, if the upper voltage-divider resistor (the one con- 
nected to Voc) opens, 


(a) the transistor goes into cutoff (b) the transistor goes into saturation 
(c) the transistor burns out (d) the supply voltage is too high 


In a voltage-divider biased npn transistor, if the lower voltage-divider resistor (the one con- 
nected to ground) opens, 


(a) the transistor is not affected (b) the transistor may be driven into cutoff 
(c) the transistor may be driven into saturation (d) the collector current will decrease 


In a voltage-divider biased pnp transistor, there is no base current, but the base voltage is ap- 
proximately correct. The most likely problem(s) is 


(a) a bias resistor is open (b) the collector resistor is open 
(c) the base-emitter junction is open (d) the emitter resistor is open 


(e) answers (a) and (c) (f) answers (c) and (d) 


PROBLEMS 
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15. If R, in Figure S—25 is open, the base voltage is 
(a) +10 V (b) OV (c) 3.13 V (d) 0.7 V 
16. If R, is open, the collector current in Figure 5—25 is 
(a) 5.17 mA (b) 10mA (c) 4.83 mA (d) OmA 


Answers to all odd-numbered problems are at the end of the book. 


Section 5-1 


> FIGURE 5-34 Ven 
+8V 
(e) 


BASIC PROBLEMS 
The DC Operating Point 


1. The output (collector voltage) of a biased transistor amplifier is shown in Figure 5-32. Is the 
transistor biased too close to cutoff or too close to saturation? 


> FIGURE 5-32 


=0V 


2. What is the Q-point for a biased transistor as in Figure 5—2 with Jp = 150 wA, Bpc = 75, 
Veco = 18 V, and Rc = 1.0k0? 

3. What is the saturation value of collector current in Problem 2? 

4. What is the cutoff value of Vcg in Problem 2? 


5. Determine the intercept points of the dc load line on the vertical and horizontal axes of the 
collector-characteristic curves for the circuit in Figure 5-33. 


» FIGURE 5-33 


Multisim file circuits are identified 

with a logo and are in the Problems 

folder on the companion website. 

Filenames correspond to figure num- 

bers (e.g., F05-33). Vep 


+ 
sali 


6. Assume that you wish to bias the transistor in Figure 5—33 with Ig = 20 nA. To what voltage 
must you change the Vgg supply? What are Jc and Veg at the Q-point, given that Bpc = 50? 


7. Design a biased-transistor circuit using Vgg = Vcc = 10 V for a Q-point of Jc = 5 mA and Voz 
= 4V. Assume Bpc = 100. The design involves finding Rg, Rc, and the minimum power rating 
of the transistor. (The actual power rating should be greater.) Sketch the circuit. 


8. Determine whether the transistor in Figure 5—34 is biased in cutoff, saturation, or the linear 
region. Remember that Jc = Bpclp is valid only in the linear region. 


Ro 
390 0 


B 
Ve 
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> FIGURE 5-35 Ic (mA) 
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9. From the collector characteristic curves and the dc load line in Figure 5-35, determine the 

following: 
(a) Collector saturation current 
(b) Veg at cutoff 
(c) Q-point values of Jp, Jc, and Voz 

10. From Figure 5—35 determine the following: 
(a) Maximum collector current for linear operation 
(b) Base current at the maximum collector current 


(c) Vcog at maximum collector current 


Section 5-2 Voltage-Divider Bias 


11. What is the minimum value of Bpc in Figure 5—36 that makes Rij(pasE) = 10R2? 


12. The bias resistor Ry in Figure 5-36 is replaced by a 15 kQ potentiometer. What minimum re- 
sistance setting causes saturation? 


13. If the potentiometer described in Problem 12 is set at 2 kQ, what are the values for Jc and Vcg? 
14. Determine all transistor terminal voltages with respect to ground in Figure 5—37. 
15. Show the connections required to replace the transistor in Figure 5—37 with a pnp device. 
16. (a) Determine Vg in Figure 5-38. 
(b) How is Vp affected if the transistor is replaced by one with a Bpc of 50? 
17. Determine the following in Figure 5-38: 


(a) Q-point values 


(b) The minimum power rating of the transistor 


A FIGURE 5-36 18. Determine /;, /5, and J/g in Figure 5-38. 


+9V 
Ry Re 
47k. 2.2 kO, 
Bpc = 110 
Ry Re 
15kO 1.0k0 


A FIGURE 5-37 A FIGURE 5-38 


Section 5-3 


Voc 
+5. V 
9 


Re 
1.0kO0 


A FIGURE 5-39 


A FIGURE 5-42 
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Other Bias Methods 


19. 
20. 


21. 


22. 
23. 
24. 


A FIGURE 5-40 


Analyze the circuit in Figure 5—39 to determine the correct voltages at the transistor terminals 
with respect to ground. Assume Bpc = 100. 


To what value can Rg in Figure 5—39 be reduced without the transistor going into saturation? 


Taking Vgpz into account in Figure 5-39, how much will J, change with a temperature increase 
from 25°C to 100°C? The Vgg is 0.7 V at 25°C and decreases 2.5 mV per degree Celsius. 
Neglect any change in Bpc. 


When can the effect of a change in Bpc be neglected in the emitter bias circuit? 
Determine /c and Veg in the pnp emitter bias circuit of Figure 5—40. Assume Bpc = 100. 


Determine Vp, Vc, and /c in Figure 5—41. 


VEE 
+10 V 
[e) 
RE Voc 
4700, 43V 
1e} 
Rg Re 
Rp 1.8 kQ 
10 kO, 
Ro 33 kO 
3300 Boc = 90 
fe) 
-10V 
Voc — 


A FIGURE 5-41 


25. 
26. 
27. 


28. 


29. 
30. 


32. 


What value of Rc can be used to decrease Jc in Problem 24 by 25 percent? 

What is the minimum power rating for the transistor in Problem 25? 

A collector-feedback circuit uses an npn transistor with Vec = 12 V, Rc = 1.2k0, and 

Rg = 47k. Determine the collector current and the collector voltage if Bpc = 200. 
Determine Jp, Jc, and Vcg for a base-biased transistor circuit with the following values: 

Bpc = 90, Vec = 12 V, Rg = 22kO, andRc = 1000. 

If Bpc in Problem 28 doubles over temperature, what are the Q-point values? 

You have two base bias circuits connected for testing. They are identical except that one is 
biased with a separate Vgp source and the other is biased with the base resistor connected to Vcc. 
Ammeters are connected to measure collector current in each circuit. You vary the Voc supply 
voltage and observe that the collector current varies in one circuit, but not in the other. In which 
circuit does the collector current change? Explain your observation. 


. The datasheet for a particular transistor specifies a minimum Bpc of 50 and a maximum Bpc 


of 125. What range of Q-point values can be expected if an attempt is made to mass-produce 
the circuit in Figure 5—42? Is this range acceptable if the Q-point must remain in the transis- 
tor’s linear region? 


The base bias circuit in Figure 5—42 is subjected to a temperature variation from 0°C to 70°C. 
The Bpc decreases by 50 percent at 0°C and increases by 75 percent at 70°C from its nominal 
value of 110 at 25°C. What are the changes in Jc and Veg over the temperature range of 

0°C to 70°C? 
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Section 5-4 Troubleshooting 


33. Determine the meter readings in Figure 5—43 if R, is open. 


> FIGURE 5-43 Voc 


34. Assume the emitter becomes shorted to ground in Figure 5—43 by a solder splash or stray wire 
clipping. What do the meters read? When you correct the problem, what do the meters read? 


35. Determine the most probable failures, if any, in each circuit of Figure 5—44, based on the indi- 
cated measurements. 


A FIGURE 5-44 


36. Determine if the DMM readings 2 through 4 in the breadboard circuit of Figure 5—45 are cor- 
rect. If they are not, isolate the problem(s). The transistor is a pnp device with a specified dc 
beta range of 35 to 100. 
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A FIGURE 5-45 


37. 


Determine each meter reading in Figure 5—45 for each of the following faults: 


(a) the 680 © resistor open (b) the 5.6kQ resistor open 
(c) the 10kQ resistor open (d) the 1.0kQ resistor open 
(e) a short from emitter to ground (f) an open base-emitter junction 


APPLICATION ACTIVITY PROBLEMS 


38. Determine Vg, Vg, and Vc in the temperature-to-voltage conversion circuit in Figure 5—29(a) if 
R, fails open. 

39. What faults will cause the transistor in the temperature-to-voltage conversion circuit to go into 
cutoff? 

40. A thermistor with the characteristic curve shown in Figure 5—46 is used in the circuit of Figure 
5-—29(a). Calculate the output voltage for temperatures of 45°C, 48°C, and 53°C. Assume a stiff 
voltage divider. 

41. Explain how you would identify an open collector-base junction in the transistor in Figure 5—29(a). 

> FIGURE 5-46 R(kQ) 
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DATASHEET PROBLEMS 


42. Analyze the temperature-to-voltage conversion circuit in Figure 5—47 at the temperature ex- 
tremes indicated on the graph in Figure 5—46 for both minimum and maximum specified 
datasheet values of Hipp. Refer to the partial datasheet in Figure 5—48. 


43. Verify that no maximum ratings are exceeded in the temperature-to-voltage conversion circuit 
in Figure 5—47. Refer to the partial datasheet in Figure 5-48. 


> FIGURE 5-47 Vee 


Ro 
1.0k0 
@———0 Output 


2N3904 
Re 
470 0. 
» FIGURE 5-48 Absolute Maximum Ratings* T, = 25°C unless otherwise noted 
Partial datasheet for the 2N3904 Symbol Parameter Value Units 
transistor. Copyright Fairchild Tae Collector- Emitter Voltage 40 V 
Semiconductor Corporation. Vass Collector-Base Voltage 60 V 
Used by permission. Vewo Emitter-Base Voltage 6.0 Vv 
Io Collector Current - Continuous 200 mA 
Ty, Tstg Operating and Storage Junction Temperature Range -55 to +150 °C 


*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


NOTES: 
1) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations. 


ON CHARACTERISTICS* 
Nee DC Current Gain Ico = 0.1 mA, Voge = 1.0 V 40 
Io = 1.0 mA, Vce = 1.0 V 70 
Ic = 10 mA, Vce = 1.0 V 100 300 
Ic = 50 mA, Vce = 1.0 V 
Ic = 100 mA, Vce = 1.0 V 


60 
30 
Voe(sat) Collector-Emitter Saturation Voltage lo = 10 mA, Ig = 1.0 mA 0.2 Vv 
Ic = 50 mA, Ig = 5.0 mA 0.3 Vv 
VeE(sat) Base-Emitter Saturation Voltage lc = 10 mA, Ig = 1.0 mA 0.65 0.85 Vv 

Ic = 50 mA, Ip = 5.0 mA 0.95 Vv 


44. Refer to the partial datasheet in Figure 5—49. 


(a) What is the maximum collector current for a 2N2222A? 
(b) What is the maximum reverse base-emitter voltage for a 2N2218A? 
45. Determine the maximum power dissipation for a 2N2222A at 100°C. 


46. When you increase the collector current in a 2N2219A from 1 mA to 500 mA, how much does 
the minimum Bpc (/pg) change? 


ADVANCED PROBLEMS 

47. Design a circuit using base bias that operates from a 15 V de voltage and draws a maximum 
current from the dc source Uccymax)) Of 10 mA. The Q-point values are to be Jc = 5 mA and 
Voz = 5 V. The transistor is a 2N3904. Assume a midpoint value for Bpc. 
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Maximum Ratings 
2N2218 2N2218A 
2N2219 2N2219A 
. 2N2221 2N2221A 2N5581 
Rating Symbol 2N2222 2N2222A 2N5582 Unit 
Collector-Emitter voltage VcEo 30 40 40 V de 
Collector-Base voltage VcsBo 60 75 AS V de 
Emitter-Base voltage VeBo 5.0 6.0 6.0 V de 
Collector current — continuous To 800 800 800 mA de 
2N2218,A | 2N2221,A | 2N5581 
2N2219,A | 2N2222,A | 2N5582 
Total device dissipation Pp 
@ Ty = 25°C 0.8 0.5 0.6 Watt 
Derate above 25°C 4.57 2.28 3.33 mW/°C 
Total device dissipation Pp 
@ T= 25°C 3.0 1.2 2.0 Watt 
Derate above 25°C 17.1 6.85 11.43 mW/°C 
Operating and storage junction Ty, Ty —65 to +200 2c 
Temperature range . 
Electrical Characteristics (T., = 25°C unless otherwise noted.) 
Characteristic Symbol Min Max Unit 
Off Characteristics 
Collector-Emitter breakdown voltage Vipr)CcEO V de 
(Ug = 10 mA de, fg = 0) Non-A Suffix 30 = 
A-Suffix, 2N5581, 2N5582 40 = 
Collector-Base breakdown voltage Vipr)cBo Vdc 
(cg = 10 WA de, Ig = 0) Non-A Suffix 60 —_ 
A-Suffix, 2N5581, 2N5582 75 —_ 
Emitter-Base breakdown voltage ViBr)EBO Vdc 
(Ug = 10 pA de, Ie = 0) Non-A Suffix 5.0 — 
A-Suffix, 2N5581, 2N5582 6.0 — 
Collector cutoff current Tcex 10 nA de 
(Veg = 60 V de, Vipin = 3.0 V de A-Suffix, 2N5581, 2N5582 = 
Collector cutoff current TcBo MA de 
(Vop = 50 V de, Ip = 0) Non-A Suffix = 0.01 
(Veg = 60 V de, Jp = 0) A-Suffix, 2N5581, 2N5582 —_ 0.01 
(Veg = 50 V de, Ig , Ty = 150°C) Non-A Suffix = 10 
(Veg = 60 V de, Ig =0, T, = 150°C) A-Suffix, 2N5581, 2N5582 ae 10 
Emitter cutoff current TeB0 = 10 nA de 
(Veg = 3.0 V de, Ic = 0) A-Suffix, 2N5581, 2N5582 
Base cutoff current Igy ao 20 nA de 
(Veg = 60 V de, Vispiorr = 3-0 V de) A-Suffix 
On Characteristics 
DC current gain Neg a 
(Ue = 0.1 mA de, Veg = 10 V de) 2N2218,A, 2N2221,A, 2N5581(1) 20 = 
2N2219,A, 2N2222,A, 2N5582(1) 35 => 
(Ue = 1.0 mA de, Veg = 10 V de) 2N2218,A, 2N2221,A, 2N5581 25 —_ 
2N2219,A, 2N2222,A, 2N5582 50 —_ 
(Ue = 10 mA de, Veg = 10 V de) 2N2218,A, 2N2221,A, 2N5581(1) 35 = 
2N2219,A, 2N2222,A, 2N5582(1) 75 —_ 
(eg = 10 mA de, Veg = 10 V de, Ty =— 55°C) 2N2218,A, 2N2221,A, 2N5581 15: —_ 
2N2219,A, 2N2222,A, 2N5582 35 — 
(Ue = 150 mA de, Veg = 10 V de) 2N2218,A, 2N2221,A, 2N5581 40 120 
2N2219,A, 2N2222,A, 2N5582 100 300 
(Ie = 150 mA de, Veg = 1.0 V de) 2N2218,A, 2N2221,A, 2N5581 20 — 
2N2219,A, 2N2222,A, 2N5582 50 _ 
(Ue = 500 mA de, Voz = 10 V de) 2N2218, 2N2221 20 — 
2N2219, 2N2222 30 — 
2N2218A, 2N2221A, 2N5581 25 — 
2N2219A, 2N2222A, 2N5582 40 — 
Collector-Emitter saturation voltage VE (sat) Vdc 
(Ic = 150 mA de, fy = 15 mA de) Non-A Suffix _ 0.4 
A-Suffix, 2N5581, 2N5582 — 0.3 
(ce = 500 mA de, Jy = 50 mA de) Non-A Suffix 23, 1.6 
A-Suffix, 2N5581, 2N5582 — 1.0 
Base-Emitter saturation voltage VBE (sat) Vdc 
(Ie = 150 mA de, Ig = 15 mA de) Non-A Suffix 0.6 1.3 
A-Suffix, 2N5581, 2N5582 0.6 1.2 
(Ue = 500 mA de, Ig = 50 mA de) Non-A Suffix = 2.6 
A-Suffix, 2N5581, 2N5582 = 2.0 


A FIGURE 5-49 


Partial datasheet for 2N2218A—2N2222A. 
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hep, normalized de current gain 


48. Design a circuit using emitter bias that operates from dc voltages of +12 V and —12 V. The 
maximum /c¢c is to be 20 mA and the Q-point is at 10 mA and 4 V. The transistor is a 2N3904. 


49. Design a circuit using voltage-divider bias for the following specifications: Vec = 9 V, Iccimax) 
= 5 mA, Jc = 1.5 mA, and Vog = 3 V. The transistor is a 2N3904. 

50. Design a collector-feedback circuit using a 2N2222A with Voc = 5 V, Jc = 10 mA, and Vcg = 
1.5 V. 

51. Can you replace the 2N3904 in Figure 5—47 with a 2N2222A and maintain the same range of 
output voltage over a temperature range from 45°C to 55°C? 


52. Refer to the datasheet graph in Figure 5—50 and the partial datasheet in Figure S49. Determine 
the minimum dc current gain for a 2N2222A at —55°C, 25°C, and 175°C for Vcg = 1 V. 
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Ic, collector current (mA) 


A FIGURE 5-50 


53. A design change is required in the valve interface circuit of the temperature-control system 
shown in Figure 5—28. The new design will have a valve interface input resistance of 10k. 
Determine the effect this change has on the temperature-to-voltage conversion circuit. 


54. Investigate the feasibility of redesigning the temperature-to-voltage conversion circuit in Figure 
5-29 to operate from a de supply voltage of 5.1 V and produce the same range of output volt- 
ages determined in the Application Activity over the required thermistor temperature range 
from 60°C to 80°C. 


™ MULTISIM TROUBLESHOOTING PROBLEMS 
tip These file circuits are in the Troubleshooting Problems folder on the companion website. 


55. Open file TSPO5-55 and determine the fault. 
56. Open file TSPO5-56 and determine the fault. 
57. Open file TSPO5-57 and determine the fault. 
58. Open file TSPO5-58 and determine the fault. 
59. Open file TSPO5-59 and determine the fault. 
60. Open file TSPOS-60 and determine the fault. 
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awe 
a | . GreenTech Application 5: Wind Power 


Wind energy, like solar energy, is a major renewable resource. Wind is actually a product 
of solar energy because differences in earth temperatures result in the movement of air. 
Wind turbines harvest energy from the wind and may be used as small single units to 
supply an individual home or wind farms where tens to hundreds of large units harvest 
wind energy and convert it to electricity. 


Two key elements in a wind turbine are the blades and the ac generator. In many wind 
turbines, electronic circuits sense the wind direction and speed and adjust the orientation 
and pitch of the blades to maximize the energy collected from the wind. The generator 
produces a varying ac voltage that depends on the rotational speed of the blades due to 
the wind. Since the frequency and amplitude of a generator output varies with wind 
speed, the ac output is converted to de and then back to 60 Hz ac with an inverter. Like a 
solar power system, the energy can be stored in batteries using a charge controller for 
smaller applications, or the energy can be connected directly to the grid for large-scale 
applications. 


Figure GA5S-—1 shows a basic diagram of a horizontal-axis wind turbine (HAWT) for 
small power applications, such as home use. A typical wind turbine has three blades and 
is mounted on a very high support tower. Wind energy is converted to mechanical energy 
by the rotating blades. As shown in Figure GA5-—1, the blade rotation is applied to a shaft, 
which is geared up to turn the ac generator shaft at a higher rate than the blades are rotat- 
ing. The generator rotation produces an ac voltage output with a frequency that depends 
on the rate of rotation. Since it is a variable frequency and amplitude output, as previ- 
ously mentioned, the ac is converted to dc by the ac-to-dc converter. The dc is sent to a 
charge controller that charges the storage batteries. The battery output is applied to an 
inverter where it is converted to a 120 V, 60 Hz ac voltage for individual consumer use. 
The wind vane and yaw bearing assembly are used on small turbines to keep the blades 
pointed into the wind. An anemometer senses the wind speed in order to brake the blades 
when the wind reaches a specified speed. This prevents mechanical damage if the wind 


speed is too high. 
- Anemometer 
Rotator blades 
Control electronics 
Y = 
Brake = Gears |mmmmm AC generator rd Wind vane 
[ | 
Mi DC to external charge 
Yaw bearings '—» controller, batteries, 


Support pole and inverter 


A FIGURE GA5-1 


Basic small HAWT system operation. 
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The AC-to-DC Converter 


Because of the variable frequency of the ac from the generator, it must first be converted 
to de for the charge controller. A rectifier and regulator are used for the conversion, as 
illustrated in Figure GA5—2. The ac voltage from the generator varies in amplitude and 
frequency as a function of wind speed. The ac-to-dc converter changes the varying ac to 
a varying dc voltage, which is then applied to a voltage regulator to produce a specified 
constant de voltage, as shown. 


Voltage regulator 


To charge 
controller 


From ac generator 


A FIGURE GA5-2 
AC-to-DC converter block diagram. 


Large-Scale Wind Turbines 


Figure GA5-3 is a horizontal axis grid-tie turbine, which is the most common configura- 
tion for commercial wind farm applications. The wind direction sensor sends a signal to 
the control electronics so the yaw motor can keep the turbine pointing into the wind. The 
wind speed sensor sends a signal to the control electronics so the pitch of the blades can 
be adjusted for maximum efficiency. Also, when the wind exceeds a specified speed, the 
control electronics activates the brakes to reduce or stop rotation of the blades, preventing 
damage to the unit. 


Wind sensors 


Rotator blades 


Control electronics 


t 


3-phase 

60 Hz ac 

to grid step- 
up transformer 


3-phase 
inverter 
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Yaw motor 
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A” FIGURE GA5-3 
Large horizontal-axis wind turbine (HAWT). 
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For large wind turbines (above 100 kW—150 kW) the voltage generated is usually 690 V 
three-phase ac. The output goes to a transformer usually located in the tower or near its 
base and is stepped up to thousands of volts depending on the requirements of the local 
electrical grid. 


Power in the Wind 
The amount of power available in the wind can be calculated using the following formula: 
A 3 
P= ae 
2 


In the formula, p is the density of the air, A is the area swept by the blades, and v is the 
velocity (speed) of the wind. Note that the power is dependent on the length of the blades, 
r, and the cube of the wind speed, v>. Since A = wr, if the length of the blades is doubled, 
the available power in the wind will be increased by four times (2? = 4). If the wind 
velocity doubles, the available power in the wind is increased by eight times (Ce = 8). Of 
course, a turbine cannot convert all of the available wind power into mechanical power to 
turn the generator. In fact, most practical turbines can convert less than 50% of the wind 
power. Figure GA5—4 illustrates the factors that affect the amount of power that can be 
extracted from the wind. 


= 
Lt 
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p = air density . ~_ 


A = ar? = area through which 
the blades sweep 


A FIGURE GA5-4 


Factor determining the available power in the wind. 


Betz Law This law states that the theoretical limit of the amount of power that can be 
extracted from the wind is 59% if all conditions are perfect. This limiting factor was de- 
veloped by Albert Betz in 1926. In practice, 20% to 40% can normally be expected. 


Wind Power Curve 


A wind power curve shows the amount of power that can be extracted over a range of 
wind speeds (velocities) for specific turbines. Wind power curves will vary from one type 
of turbine to another. Figure GA5—5 shows a typical curve. The cut-in speed is the wind 
speed at which the blades begin to turn. The start-up speed is the wind speed at which the 
blades are moving fast enough to cause the generator to produce electricity. The start-up 
speed is slightly higher than the cut-in speed. The maximum power output is the peak 
power that the turbine can produce. For this example curve, the maximum power output 
is approximately 200 kW at a wind speed of approximately 28 mph. 


To limit the rotational speed of the blades above the maximum power output (MPO) point in 
order to prevent damage to the machine, a process called furling is used. Ideally, the curve is 
kept as level as possible as shown by the dashed portion of the curve in Figure GA5—5. 
However, in practice, the power decreases above that point, once the furling process is acti- 
vated. Furling can be accomplished by changing the pitch of the blades or turning the entire 
turbine away from the wind direction slightly under direction of the control electronics. Also, 
when the wind reaches a predetermined maximum, the turbine can be completely shut down. 
For example, the curve shows this turbine being shut down at 45 mph. 
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A FIGURE GA5-5 


Example of a wind power curve for a wind turbine. 


Questions 


Some questions may require research beyond the content of this coverage. Answers are at 
the end of the book. 


1. What does HAWT stand for? 


2. Why does the input voltage to the ac-to-dc converter vary in amplitude and 
frequency? 


3. What are the physical factors that determine the amount of power available in the 
wind that strikes the blades of a turbine? 


4. What is the Betz limit? 


5. In wind farms, how close together should the turbines generally be placed? 


Many other websites are also available. 


i The following websites are recommended for viewing HAWTs in action. 
V 
i 


http://www.youtube.com/watch?v=eXejxcW-XGo 
http://www. youtube.com/watch?v=RFP}9frhKuo 
http://www. youtube.com/watch?v=7PLvr-lpADM&NR=1 
http://www. youtube.com/watch?v=711VMJgPRc4 
http://www. youtube.com/watch?v=NeVCIBaQI_Q 
http://www. youtube.com/watch?v=PEEA19laoUg 
http://www. youtube.com/watch?v=N9_FKGxD27g 
http://www. youtube.com/watch?v=v05MuBseBQE 
http://www.youtube.com/watch?v=hBRfboAscww 
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6-8 Troubleshooting 
Application Activity 
GreenTech Application 6: Wind Power 


¢ Describe amplifier operation 

¢ Discuss transistor models 

¢@ Describe and analyze the operation of common-emitter 
amplifiers 

¢ Describe and analyze the operation of common-collector 
amplifiers 

¢@ Describe and analyze the operation of common-base 
amplifiers 

¢ Describe and analyze the operation of multistage 
amplifiers 

¢ Discuss the differential amplifier and its operation 

¢ Troubleshoot amplifier circuits 


® r parameter ¢ Emitter-follower 

¢ Common-emitter # Common-base 

® ac ground @ Decibel 

Input resistance ¢ Differential amplifier 
@ Output resistance ¢ Common mode 

¢@ Attenuation @ CMRR (Common-mode 
¢ Bypass capacitor rejection ratio) 

¢@ Common-collector 


The Application Activity in this chapter involves a preamplifier 
circuit for a public address system. The complete system 
includes the preamplifier, a power amplifier, and a dc power 
supply. You will focus on the preamplifier in this chapter 
and then on the power amplifier in Chapter 7. 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


The things you learned about biasing a transistor in Chapter 5 
are now applied in this chapter where bipolar junction 
transistor (BJT) circuits are used as small-signal amplifiers. 
The term small-signal refers to the use of signals that take up 
a relatively small percentage of an amplifier’s operational 
range. Additionally, you will learn how to reduce an ampli- 
fier to an equivalent dc and ac circuit for easier analysis, and 
you will learn about multistage amplifiers. The differential 
amplifier is also covered. 


Sz 
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6-1 AMPLIFIER OPERATION 


The biasing of a transistor is purely a dc operation. The purpose of biasing is to estab- 
lish a Q-point about which variations in current and voltage can occur in response to 
an ac input signal. In applications where small signal voltages must be amplified— 
such as from an antenna or a microphone—variations about the Q-point are relatively 
small. Amplifiers designed to handle these small ac signals are often referred to as 
small-signal amplifiers. 


After completing this section, you should be able to 


4 Describe amplifier operation 

4 Identify ac quantities 
¢ Distinguish ac quantities from dc quantities 

4 Discuss the operation of a linear amplifier 
¢ Define phase inversion ¢ Graphically illustrate amplifier operation 
¢ Analyze ac load line operation 


HISTORY NOTE 


AC Quantities 


In the previous chapters, dc quantities were identified by nonitalic uppercase (capital) sub- 
scripts such as Ic, Ip, Vc, and Vc. Lowercase italic subscripts are used to indicate ac quan- 
tities of rms, peak, and peak-to-peak currents and voltages: for example, /., [,, Jp, V., and 
V.¢ (rms values are assumed unless otherwise stated). Instantaneous quantities are repre- 
sented by both lowercase letters and subscripts such as i,, i,, ip, and v,,. Figure 6—1 illus- 
trates these quantities for a specific voltage waveform. 


>» FIGURE 6-1 


aes) 


Vce can represent rms, average, peak, 

or peak-to-peak, but rms will be 

assumed unless stated otherwise. Ve 

can be any instantaneous value on rms 
the curve. ave 


In addition to currents and voltages, resistances often have different values when a cir- 
cuit is analyzed from an ac viewpoint as opposed to a dc viewpoint. Lowercase subscripts 
are used to identify ac resistance values. For example, R, is the ac collector resistance, and 
Rc is the de collector resistance. You will see the need for this distinction later. Resistance 
values internal to the transistor use a lowercase r’ to show it is an ac resistance. An exam- 
ple is the internal ac emitter resistance, ri. 


The Linear Amplifier 


A linear amplifier provides amplification of a signal without any distortion so that the out- 
put signal is an exact amplified replica of the input signal. A voltage-divider biased tran- 
sistor with a sinusoidal ac source capacitively coupled to the base through C, and a load 
capacitively coupled to the collector through C is shown in Figure 6-2. The coupling ca- 
pacitors block dc and thus prevent the internal source resistance, R,, and the load resist- 
ance, R,, from changing the dc bias voltages at the base and collector. The capacitors 
ideally appear as shorts to the signal voltage. The sinusoidal source voltage causes the base 
voltage to vary sinusoidally above and below its dc bias level, Vgg. The resulting variation 
in base current produces a larger variation in collector current because of the current gain 
of the transistor. 


+Voc 


As the sinusoidal collector current increases, the collector voltage decreases. The col- 
lector current varies above and below its Q-point value, /cq, in phase with the base current. 
The sinusoidal collector-to-emitter voltage varies above and below its Q-point value, 
Vora, 180° out of phase with the base voltage, as illustrated in Figure 6-2. A transistor 
always produces a phase inversion between the base voltage and the collector voltage. 


A Graphical Picture The operation just described can be illustrated graphically on the 
ac load line, as shown in Figure 6—3. The sinusoidal voltage at the base produces a base 
current that varies above and below the Q-point on the ac load line, as shown by the arrows. 


Ica 


ac load line 


Vee(cutoff) Vor 


Vora 
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< FIGURE 6-2 


An amplifier with voltage-divider 
bias driven by an ac voltage source 
with an internal resistance, R,. 


<@ FIGURE 6-3 


Graphical ac load line operation of 
the amplifier showing the variation 
of the base current, collector current, 
and collector-to-emitter voltage 
about their dc Q-point values. J, and 
I are on different scales. 
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Lines projected from the peaks of the base current, across to the Jc axis, and down to the 
Vcr axis, indicate the peak-to-peak variations of the collector current and collector-to- 
emitter voltage, as shown. The ac load line differs from the dc load line because the effec- 
tive ac collector resistance is R; in parallel with Rc and is less than the de collector resist- 
ance Rc alone. This difference between the de and the ac load lines is covered in Chapter 7 
in relation to power amplifiers. 


EXAMPLE 6-1 


» FIGURE 6-4 


Solution 


Related Problem* 


The ac load line operation of a certain amplifier extends 10 wA above and below the 
Q-point base current value of 50 wA, as shown in Figure 6—4. Determine the resulting 
peak-to-peak values of collector current and collector-to-emitter voltage from the 
graph. 


Projections on the graph of Figure 6—4 show the collector current varying from 6 mA 
to 4 mA for a peak-to-peak value of 2 mA and the collector-to-emitter voltage varying 
from 1 V to 2 V for a peak-to-peak value of 1 V. 


What are the Q-point values of Jc and Vcg in Figure 6—4? 


“Answers can be found at www.pearsonhighered.com/floyd. 


Ip is at its positive peak, /, is at its peak, and Ve is at its peak. 


s the difference between Vcr and V,,? 
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6-2 TRANSISTOR AC MODELS 


To visualize the operation of a transistor in an amplifier circuit, it is often useful to 
represent the device by a model circuit. A transistor model circuit uses various internal 
transistor parameters to represent its operation. Transistor models are described in this 
section based on resistance or r parameters. Another system of parameters, called h 
parameters, is briefly described. 


After completing this section, you should be able to 


a Jal< 


r Parameters 


The five r parameters commonly used for BJTs are given in Table 6-1. The italic lowercase 
letter r with a prime denotes resistances internal to the transistor. 


v TABLE 6-1 


r parameters. 


r PARAMETER DESCRIPTION 


r-Parameter Transistor Model 


An r-parameter model for a BJT is shown in Figure 6—5(a). For most general analysis 
work, it can be simplified as follows: The effect of the ac base resistance (rj) is usually 
small enough to neglect, so it can be replaced by a short. The ac collector resistance (r/.) is 
usually several hundred kilohms and can be replaced by an open. The resulting simplified 
r-parameter equivalent circuit is shown in Figure 6—5(b). 

The interpretation of this model circuit in terms of a transistor’s ac operation is as 
follows: A resistance (r) appears between the emitter and base terminals. This is the 
resistance “seen” looking into the emitter of a forward-biased transistor. The collector 
effectively acts as a dependent current source of a,,/, or, equivalently, B,-l,, represented 
by the diamond-shaped symbol. These factors are shown with a transistor symbol in 
Figure 6-6. 


Determining r, by a Formula 


For amplifier analysis, the ac emitter resistance, r;, is the most important of the r parame- 
ters. To calculate the approximate value of r, you can use Equation 6-1, which is derived 
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Equation 6-1 


EXAMPLE 6-2 


Solution 


Related Problem 


G 
Challe = Bacly 
B 
re 
E 
(a) Generalized r-parameter model for a BJT (b) Simplified r-parameter model for a BJT 
A FIGURE 6-5 
r-parameter transistor model. 
» FIGURE 6-6 Cc Cc 
fe) 
Relation of transistor symbol to 
r-parameter model. Baclp i =Pidla 
B Bor A) 
, Ty 
Ve 
Oo 
E E 


assuming an abrupt junction between the n and p regions. It is also temperature dependent 
and is based on an ambient temperature of 20°C. 


25mV 
Ty 


r= 


The numerator will be slightly larger for higher temperatures or transistors with a grad- 
ual (instead of an abrupt) junction. Although these cases will yield slightly different 
results, most designs are not critically dependent on the value of 7, and you will gener- 
ally obtain excellent agreement with actual circuits using the equation as given. The 
derivation for Equation 6—1 can be found in “Derivations of Selected Equations” at 
www.pearsonhighered.com/floyd. 


Determine the 7; of a transistor that is operating with a dc emitter current of 2 mA. 


25mV _ 25mV _ 
Tp 2mA 


5 ~ 


Ve 


What is Jpifr, = 80? 


Comparison of the AC Beta (,,) to the DC Beta (Bpc) 


For a typical transistor, a graph of Jc versus /p is nonlinear, as shown in Figure 6—7(a). If 
you pick a Q-point on the curve and cause the base current to vary an amount A/7p, then the 
collector current will vary an amount A/c as shown in part (b). At different points on the 
nonlinear curve, the ratio AJc/ATZg will be different, and it may also differ from the Ic /Ipg 
ratio at the Q-point. Since Bpc = Ic/Ip and Bae = Alc/Alk, the values of these two quan- 
tities can differ slightly. 


<@ FIGURE 6-7 


Ic-versus-lp curve illustrates the dif- 
(lp: Ic) ference between Bpc = /c/Ig and 
5 Bac = Alc/Alg. 


0 = 


(a) Bpc = Ic/Tp at Q-point (b) B,- = Alc/Alp 


h Parameters 


A manufacturer’s datasheet typically specifies h (hybrid) parameters (h;, h,, hg and h,) be- 
cause they are relatively easy to measure. 

The four basic ac h parameters and their descriptions are given in Table 6-2. Each of the 
four h parameters carries a second subscript letter to designate the common-emitter (e), 
common-base (b), or common-collector (c) amplifier configuration, as listed in Table 6-3. 
The term common refers to one of the three terminals (E, B, or C) that is referenced to ac 
ground for both input and output signals. The characteristics of each of these three BJT 
amplifier configurations are covered later in this chapter. 


h PARAMETER DESCRIPTION CONDITION 

h; Input impedance (resistance) Output shorted 

I Voltage feedback ratio Input open 

hy Forward current gain Output shorted 

he Output admittance (conductance) —‘_ Input open 
CONFIGURATION h PARAMETERS 
Common-Emitter Nie, Wye, Nye, Noe 
Common-Base hip, hyp, hyp, Nop 
Common-Collector Nie, Mes Nye, Hoc 


Relationships of h Parameters and r Parameters 


The ac current ratios, a,, and B,,, convert directly from h parameters as follows: 


Qac = hep 
Bac = Nye 
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<@ TABLE 6-2 


Basic ac h parameters. 


<¢ TABLE 6-3 


Subscripts of h parameters for each 
of the three amplifier configurations. 
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Because datasheets often provide only common-emitter / parameters, the following 
formulas show how to convert them to r parameters. We will use r parameters throughout 
the text because they are easier to apply and more practical. 


yo ne 
. Noe 
wa bret! 
. Noe 


; Nye 
Th = hie _ nw + hy) 
oe 


each of the parameters: aa, Bac, te, th, and ri. 
1 parameter is equivalent to Ba? 
15 mA, what is the approximate value of 2? 


6-3 THE COMMON-EMITTER AMPLIFIER 


As you have learned, a BJT can be represented in an ac model circuit. Three amplifier 
configurations are the common-emitter, the common-base, and the common-collector. 
The common-emitter (CE) configuration has the emitter as the common terminal, or 
ground, to an ac signal. CE amplifiers exhibit high voltage gain and high current gain. 
The common-collector and common-base configurations are covered in the sections 
6-4 and 6-5. 


After completing this section, you should be able to 


4 Describe and analyze the operation of common-emitter amplifiers 
4 Discuss a common-emitter amplifier with voltage-divider bias 
¢ Show input and output signals + Discuss phase inversion 
Perform a de analysis 
* Represent the amplifier by its dc equivalent circuit 
a Perform an ac analysis 

_ Represent the amplifier by its ac equivalent circuit _ 


Oo 


Figure 6-8 shows a common-emitter amplifier with voltage-divider bias and coupling 
capacitors C, and C3 on the input and output and a bypass capacitor, Cz, from emitter to 
ground. The input signal, V;,,, is capacitively coupled to the base terminal, the output sig- 
nal, Vout, 1s capacitively coupled from the collector to the load. The amplified output is 
180° out of phase with the input. Because the ac signal is applied to the base terminal as 
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$20 Vie 


Bac = 160 


ve 
2.83 Vax R 1.0k0, = C3 Ve, out 
22 kO (—-—_ 0 
be 1 uF 


Ve 
0 MS - o) 
1 uF 2.13 Voc = R 
Ry = 


6.8 kO Rg an 


A FIGURE 6-8 


A common-emitter amplifier. 


the input and taken from the collector terminal as the output, the emitter is common to both 
the input and output signals. There is no signal at the emitter because the bypass capacitor 
effectively shorts the emitter to ground at the signal frequency. All amplifiers have a com- 
bination of both ac and dc operation, which must be considered, but keep in mind that the 
common-emitter designation refers to the ac operation. 


Phase Inversion The output signal is 180° out of phase with the input signal. As the 
input signal voltage changes, it causes the ac base current to change, resulting in a change 
in the collector current from its Q-point value. If the base current increases, the collector 
current increases above its Q-point value, causing an increase in the voltage drop across 
Rc. This increase in the voltage across Rc means that the voltage at the collector decreases 
from its Q-point. So, any change in input signal voltage results in an opposite change in 
collector signal voltage, which is a phase inversion. 


DC Analysis 


To analyze the amplifier in Figure 6—8, the dc bias values must first be determined. To do 
this, a dc equivalent circuit is developed by removing the coupling and bypass capacitors 
because they appear open as far as the dc bias is concerned. This also removes the load 
resistor and signal source. The dc equivalent circuit is shown in Figure 6-9. 

Theveninizing the bias circuit and applying Kirchhoff’s voltage law to the base-emitter 
circuit, 

R{Ro (6.8 kQ,)(22kQ) 
R, +R, 68kO + 22k0 
Vv: ( 2 yy ( sae Jey 2.83 V 

“ CC \6.8kO + 22kO 

Vru — Vee 2.83 V — 0.7V 

Re + Rrp/Bpc 5600 + 34.60, 
Ic = Tz = 3.58mA 
TgRg = (3.58 mA)(560 0) = 2V 


tae = 5.19kO 


= 3.58mA 


os 
T 


A FIGURE 6-9 
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DC equivalent circuit for the ampli- 
fier in Figure 6-8. 
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» FIGURE 6-10 


AC equivalent circuit for the ampli- 
fier in Figure 6-8. 


Equation 6-2 


Vg = Veg + 07V =2.7V 
Vo = Voc — IoRc = 12 V — (3.58 mA)(1.0kQ) = 8.42 V 
Von = Vo — Vg = 8.42V —2V = 6.42V 


AC Analysis 


To analyze the ac signal operation of an amplifier, an ac equivalent circuit is developed as 
follows: 


1. The capacitors C}, Cz, and C3 are replaced by effective shorts because their values 
are selected so that X¢ is negligible at the signal frequency and can be considered 
to be 00. 


2. The de source is replaced by ground. 


A dc voltage source has an internal resistance of near 0 ( because it holds a constant volt- 
age independent of the load (within limits); no ac voltage can be developed across it so it 
appears as an ac short. This is why a de source is called an ac ground. 

The ac equivalent circuit for the common-emitter amplifier in Figure 6—8 is shown in 
Figure 6—10(a). Notice that both Rc and R; have one end connected to ac ground (red) be- 
cause, in the actual circuit, they are connected to Voc which is, in effect, ac ground. 


ac source 


R, Re 

\\\—o—# () 10k 
R, Ry 

Vz (~~) 22kO > 6.8 kO 


(a) Without an input signal voltage (b) With an input signal voltage 
(AC ground is shown in red.) 


In ac analysis, the ac ground and the actual ground are treated as the same point electri- 
cally. The amplifier in Figure 6-8 is called a common-emitter amplifier because the bypass 
capacitor Cz keeps the emitter at ac ground. Ground is the common point in the circuit. 


Signal (AC) Voltage at the Base An ac voltage source, V,, is shown connected to the 
input in Figure 6-10(b). If the internal resistance of the ac source is 0 Q, then all of the 
source voltage appears at the base terminal. If, however, the ac source has a nonzero inter- 
nal resistance, then three factors must be taken into account in determining the actual sig- 
nal voltage at the base. These are the source resistance (R,), the bias resistance (R,||R), 
and the ac input resistance at the base of the transistor (Rin(pase)). This is illustrated in 
Figure 6—-11(a) and is simplified by combining Rj, Ro, and Rincpase) in parallel to get the 
total input resistance, Rin), which is the resistance “seen” by an ac source connected to 
the input, as shown in Figure 6—11(b). A high value of input resistance is desirable so that 
the amplifier will not excessively load the signal source. This is opposite to the require- 
ment for a stable Q-point, which requires smaller resistors. The conflicting requirement for 
high input resistance and stable biasing is but one of the many trade-offs that must be con- 
sidered when choosing components for a circuit. The total input resistance is expressed by 
the following formula: 


Rinitot) = Ri R2\| Ringase) 
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Ss Base 


: Base 
O 


SR, SET as V. Ringo) = R, l| Ry I Reber) 


(a) (b) 


As you can see in the figure, the source voltage, V,, is divided down by R, (source resist- 
ance) and Rinor) SO that the signal voltage at the base of the transistor is found by the volt- 
age-divider formula as follows: 


V, _ ( Rinttot) vy, 
R, + Rinctot) 


If Ry < Ringon, then V, = V; where V; is the input voltage, V;,, to the amplifier. 


Input Resistance at the Base To develop an expression for the ac input resistance look- 
ing in at the base, use the simplified r-parameter model of the transistor. Figure 6-12 
shows the transistor model connected to the external collector resistor, Rc. The input 
resistance looking in at the base is 


Vi Vp 
Rin(base) = a = %. 
m 
The base voltage is 
Vp ~ tet, 
and since I, = [,, 
pee 
= 
Bac 
Substituting for V, and J, 
Vp it; 
Rixiacey = — = 
ne I, Pac 


Cancelling J,, 
Rin@ase) = Bache 


Output Resistance The output resistance of the common-emitter amplifier is the re- 
sistance looking in at the collector and is approximately equal to the collector resistor. 
Rou = Rc 


Actually, Ro; = Rc || r,., but since the internal ac collector resistance of the transistor, r’., is 
typically much larger than Rc, the approximation is usually valid. 
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<@ FIGURE 6-11 


AC equivalent of the base circuit. 


+Voc 


Bac = Ie 


A FIGURE 6-12 


r-parameter transistor model (inside 
shaded block) connected to external 
circuit. 


Equation 6-3 


Equation 6—4 


EXAMPLE 6-3 


Determine the signal voltage at the base of the transistor in Figure 6—13. This circuit is 


the ac equivalent of the amplifier in Figure 6-8 with a 10 mV rms, 300 © signal 


source. /; was previously found to be 3.80 mA. 
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» FIGURE 6-13 


Solution First, determine the ac emitter resistance. 


Meeomy  25mvV 
ei) 380mA 


re 


= 6.58 0 


Then, 
sR Base) = (Ball a 160(6.58 Q) = 1.05kO 
Next, determine the total input resistance viewed from the source. 
1 


Rinctot) = Ry | Ro | USGA base) a 1 1 1 = 8730 


- ~ 
22kQ 68kQ  1.05kO 


The source voltage is divided down by Ry and Rincto7), SO the signal voltage at the 
base is the voltage across Rin¢to1). 


Ri 873 0 
V, = ( ee yy, = ( jro mV = 7.44mV 
Ree 1173.0 


As you can see, there is significant attenuation (reduction) of the source voltage due 
to the source resistance and amplifier’s input resistance combining to act as a voltage 
divider. 


Related Problem Determine the signal voltage at the base of Figure 6—13 if the source resistance is 75 0 
and another transistor with an ac beta of 200 is used. 


Voltage Gain 


V The ac voltage gain expression for the common-emitter amplifier is developed using the 
Ogele <> . Re model circuit in Figure 6—14. The gain is the ratio of ac output voltage at the collector (V,.) 
| to ac input voltage at the base (V;). 


B O— ae = 
Z _ Vout _ Ve 
=" A Vin Vp 
i b 
% OE i Notice in the figure that V. = ag -l-Rc = I.Rc and V;, = I.r;. Therefore, 
IR 
| A, == 
> Te¥e 
A FIGURE 6-14 The J, terms cancel, so 
Model circuit for obtaining ac voltage 
gain. Re 


Equation 6-5 A, = — 
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Equation 6—5 is the voltage gain from base to collector. To get the overall gain of the 
amplifier from the source voltage to collector, the attenuation of the input circuit must be 
included. 

Attenuation is the reduction in signal voltage as it passes through a circuit and corre- 
sponds to a gain of less than 1. For example, if the signal amplitude is reduced by half, the 
attenuation is 2, which can be expressed as a gain of 0.5 because gain is the reciprocal of 
attenuation. Suppose a source produces a 10 mV input signal and the source resistance 
combined with the load resistance results in a 2 mV output signal. In this case, the attenu- 
ation is 10 mV/2 mV = 5. That is, the input signal is reduced by a factor of 5. This can be 
expressed in terms of gain as 1/5 = 0.2. 

Assume that the amplifier in Figure 6—15 has a voltage gain from base to collector of A, 
and the attenuation from the source to the base is V,/V,. This attenuation is produced by 
the source resistance and total input resistance of the amplifier acting as a voltage divider 
and can be expressed as 


V; R, + Rinttot) 
Vp R in(tot) 


Attenuation = 


The overall voltage gain of the amplifier, A}, is the voltage gain from base to collector, V/V», 
times the reciprocal of the attenuation, V;/V,. 


VY, V. 
a (F)(%) ~ , 
b S S 


Overall 


<+—____—-voltage gain ———_» 


V./V,  |+-Voltage—> 


gain 
base-to- 4 
+ Attenuation ——> collector iy 
V, lV, Vo Vp c 
R, Vp ‘@ Vous 
Rc 
y, (~) SRR, 


A FIGURE 6-15 


Base circuit attenuation and overall voltage gain. 


Effect of the Emitter Bypass Capacitor on Voltage Gain The emitter bypass capac- 
itor, which is C) in Figure 6-8, provides an effective short to the ac signal around the 
emitter resistor, thus keeping the emitter at ac ground, as you have seen. With the bypass 
capacitor, the gain of a given amplifier is maximum and equal to Rc/7;. 

The value of the bypass capacitor must be large enough so that its reactance over the 
frequency range of the amplifier is very small (ideally 0 ) compared to Rg. A good 
rule-of-thumb is that the capacitive reactance, Xc, of the bypass capacitor should be at 
least 10 times smaller than Rg at the minimum frequency for which the amplifier must 
operate. 


1OXn = Re 


5 
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EXAMPLE 6-4 


» FIGURE 6-16 


Solution 


Related Problem 


Select a minimum value for the emitter bypass capacitor, C2, in Figure 6—16 if the 
amplifier must operate over a frequency range from 200 Hz to 10 kHz. 


The X¢ of the bypass capacitor, Cz, should be at least ten times less than Rp. 


Re 5600 
i 2 Oe 


XC = = 560, 


Determine the capacitance value at the minimum frequency of 200 Hz as follows: 


1 1 
QnfXe  2a(200 Hz)(56 1) 


G; = 14.2 pF 


This is the minimum value for the bypass capacitor for this circuit. You can always use 
a larger value, although cost and physical size may impose limitations. 


If the minimum frequency is reduced to 100 Hz, what value of bypass capacitor must 
you use? 


Equation 6—6 


Voltage Gain Without the Bypass Capacitor To see how the bypass capacitor affects 
ac voltage gain, let’s remove it from the circuit in Figure 6-16 and compare voltage gains. 

Without the bypass capacitor, the emitter is no longer at ac ground. Instead, Rg is seen 
by the ac signal between the emitter and ground and effectively adds to r/ in the voltage 
gain formula. 


Rc 
A, = ——- 
7 re + Re 


The effect of Rg is to decrease the ac voltage gain. 


EXAMPLE 6-5 


Solution 


Calculate the base-to-collector voltage gain of the amplifier in Figure 6-16 both with- 
out and with an emitter bypass capacitor if there is no load resistor. 
From Example 6-3, r, = 6.58 ©, for this same amplifier. Without C), the gain is 


A Rc 10k 
if ies ar Rg 567 © 


1.76 
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With C5, the gain is 


Ree 10k0 
re 6.580 


A, = 


As you can see, the bypass capacitor makes quite a difference. 


= 152 


Related Problem Determine the base-to-collector voltage gain in Figure 6-16 with Rg bypassed, for the 
following circuit values: Rc = 1.8k0, Rg = 1.0k0,R; = 33kO, and Ry = 6.8k0. 


Effect of a Load on the Voltage Gain A load is the amount of current drawn from the 
output of an amplifier or other circuit through a load resistance. When a resistor, R;, is con- 
nected to the output through the coupling capacitor C3, as shown in Figure 6—17(a), it cre- 
ates a load on the circuit. The collector resistance at the signal frequency is effectively Rc 
in parallel with R;. Remember, the upper end of Rc is effectively at ac ground. The ac 
equivalent circuit is shown in Figure 6—17(b). The total ac collector resistance is 


— — RcRL 
© Ro + R, 


Replacing Rc with R, in the voltage gain expression gives 


When R, < Rc because of R;, the voltage gain is reduced. However, if R, >> Rc, then 
R. = Rc and the load has very little effect on the gain. 


t+Voc 
oO 


Equation 6-7 


Vere 
Vin 
Ry, R.=Re|| Ry 
Ri || Ro 

(a) Complete amplifier (b) AC equivalent (X¢; = X¢9 = Xc¢3 = 0) 
A FIGURE 6-17 
A common-emitter amplifier with an ac (capacitively) coupled load. 

EXAMPLE 6-6 Calculate the base-to-collector voltage gain of the amplifier in Figure 6-16 when a 


load resistance of 5 kQ is connected to the output. The emitter is effectively bypassed 


andr, = 6.58 0. 


Solution The ac collector resistance is 


RoR, (1.0 kO)(5kQ) 


—— = 
© Ro +R, 6kO 
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Related Problem 


Therefore, 


Ie 833 0 
re 6.580, 


A, = 127 


The unloaded gain was found to be 152 in Example 6-5. 


Determine the base-to-collector voltage gain in Figure 6-16 when a 10 k©. load resist- 
ance is connected from collector to ground. Change the resistance values as follows: 
Rc = 1.8k0, Rp = 1.0k0, Rj = 33kO, and Ry = 6.8 kQ.. The emitter resistor is 
effectively bypassed and r, = 18.5 ©. 


Stability of the Voltage Gain 


Stability is a measure of how well an amplifier maintains its design values over changes in 
temperature or for a transistor with a different 8B. Although bypassing Rg does produce the 
maximum voltage gain, there is a stability problem because the ac voltage gain is depend- 
ent on ri since A, = R-/r. Also, ri depends on Jp and on temperature. This causes the 
gain to be unstable over changes in temperature because when r; increases, the gain de- 
creases and vice versa. 

With no bypass capacitor, the gain is decreased because Rx is now in the ac circuit 
(A, = Rc/(r, + Rg)). However, with Rp unbypassed, the gain is much less dependent on r}. 
If Rp >> r, the gain is essentially independent of r!, because 


Swamping r, to Stabilize the Voltage Gain Swamping is a method used to minimize 
the effect of r, without reducing the voltage gain to its minimum value. This method 
“swamps” out the effect of r, on the voltage gain. Swamping is, in effect, a compromise 
between having a bypass capacitor across Rg and having no bypass capacitor at all. 

In a swamped amplifier, Rg is partially bypassed so that a reasonable gain can be 
achieved, and the effect of r, on the gain is greatly reduced or eliminated. The total 
external emitter resistance, Rp, is formed with two separate emitter resistors, Rp, and 
Rego, as indicated in Figure 6-18. One of the resistors, Rg2, is bypassed and the other 
is not. 

Both resistors (Rg, + RE2) affect the dc bias while only Rp, affects the ac voltage gain. 


Rc 
f, + RE 


v 


» FIGURE 6-18 


A swamped amplifier uses a partially 

bypassed emitter resistance to mini- 

mize the effect of rz on the gain in 

order to achieve gain stability. C 


Ve ° | 
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If RE, is at least ten times larger than r, then the effect of r; is minimized and the 
approximate voltage gain for the swamped amplifier is 


Rc ‘ 
,=— Equation 6—8 
Rei 
EXAMPLE 6-7 Determine the voltage gain of the swamped amplifier in Figure 6-19. Assume that the 


bypass capacitor has a negligible reactance for the frequency at which the amplifier is 
operated. Assume r, = 200. 


» FIGURE 6-19 


Solution Rego is bypassed by C>. Rg; is more than ten times r) so the approximate voltage gain is 


Ro _ 3.3k0 _ 


A, = 
mere | 3300 


10 


Related Problem What would be the voltage gain without C,? What would be the voltage gain with C, 
bypassing both Rg; and Rp2? 


The Effect of Swamping on the Amplifiers Input Resistance The ac input resist- 
ance, looking in at the base of a common-emitter amplifier with Rp completely bypassed, 
is Rin = Bacre. When the emitter resistance is partially bypassed, the portion of the resist- 
ance that is unbypassed is seen by the ac signal and results in an increase in the ac input 
resistance by appearing in series with r;. The formula is 


Rinwbasey) = Baclre + Rew) Equation 6—9 


EXAMPLE 6-8 For the amplifier in Figure 6-20, 
(a) Determine the de collector voltage. 
(b) Determine the ac collector voltage. 


(c) Draw the total collector voltage waveform and the total output voltage waveform. 


288 ¢ BJT AmpLIFIERS 


FIGURE 6-20 
Vec 
= Vv Bpc = 150 
: Bae = 175 
=. 
R 47k Gy 
C 47 kO rt 
1 
Vis ae 10 uF 
R 
nee AT KO 
R, Ry Rey 
600 10 kO 470 0 — 
Vs @ Rey AE 
cd 470 0 ; miso 


Solution (a) Determine the dc bias values using the de equivalent circuit in Figure 6-21. 


FIGURE 6-21 
: PTT Voc 
DC equivalent for the circuit in +10 V 
Figure 6—20. t 
Re 
Ri 4.7kO 
47kO, 
6 @ Bpc = 150 
Rey 
470 0 
i) 
10 kQO 
Rep 
470 0 


Apply Thevenin’s theorem and Kirchhoff’s voltage law to the base-emitter circuit in 
Figure 6-21. 

Ri Ro (47 kO)0kQ) 

R, +R, 47kQ + 10kO 


v. ( ee yy ( ee Jiov 1.75V 
Severs) — ) \47kO + 10k0 


Vou — Vee 1.75V —0.7V 
~ Re t+ Rrp/Bpc 9400 + 550 
f= ie — 1.06mA 
Ve = Ip(Rp, + Reo) = (1.06 mA)(940 2) = 1V 
Vee a7 Vv =1V —0.7V=03V 
Ve = Vec — IcRc = 10 V — (1.06 mA)(4.7kQ) = 5.02V 


Riu = 8.25kO 
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(b) The ac analysis is based on the ac equivalent circuit in Figure 6—22. 


» FIGURE 6-22 


AC equivalent for the circuit in V; 
Figure 6—20. O 
R, 
600 O 
Ry || Ro 
V, 8.25 kO 
10 mV 


The first thing to do in the ac analysis is calculate r). 


25mV 25mV 
Tg 1.06 mA 


f~ 


Ve 


= 23.60, 


Next, determine the attenuation in the base circuit. Looking from the 600 0, 
source, the total R;,, is 


Ringor = R1 || Roll Rinwbase) 
Rin(basey = Baclte + Rui) = 175(494 ©) = 86.5k0, 
Therefore, 
Rintot) = 47k©. || 10k© | 86.5 kO = 7.53 kO 
The attenuation from source to base is 


V, Rs + Rintoy 6000 + 7.53k0 
V, Ringo 7.53 kO 


Attenuation = 1.08 


Before A,, can be determined, you must know the ac collector resistance R,. 
RR, (4.7kQ)(47 kQ) 


= = = 4.27kO 
~ Rot R, 4.7k0 + 47kO0 
The voltage gain from base to collector is 
a Re 4.27kO 9.09 
"Re, = 470.0 ; 


The overall voltage gain is the reciprocal of the attenuation times the amplifier 
voltage gain. 


Vp 
A= (Fa, = (0.93)(9.09) = 8.45 


The source produces 10 mV rms, so the rms voltage at the collector is 
V.. = AiV, = (8.45)10 mV) = 84.5 mV 
(c) The total collector voltage is the signal voltage of 84.5 mV rms riding on a de 
level of 4.74 V, as shown in Figure 6—23(a), where approximate peak values are 
determined as follows: 
cae cme la Vv = 4.74 V + (84.5 mV)(1.414) = 4.86V 
Pr yee Cre Vv. — 474 V — (84.5 mV)(1.414) = 4.62 V 


The coupling capacitor, C3, keeps the dc level from getting to the output. So, V,,,; is equal 
to the ac component of the collector voltage (Vo, ») = (84.5 mV)(1.414) = 119 mV), 
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Equation 6-10 


(a) Total collector voltage 


Vous 
+119 mV 


IG, ) 


Current Gain 


The current gain from base to collector is /,,/I, or Bg-. However, the overall current gain of 
the common-emitter amplifier is 


I, is the total signal input current produced by the source, part of which (J,) is base cur- 
rent and part of which (Jp;q,) goes through the bias circuit (Rj || R2), as shown in Figure 
6-24. The source “sees” a total resistance of Ry + Rin¢tor. The total current produced by 


the source is 
4 
a 
R, + Rincon 


» FIGURE 6-24 
Rinitot) 
os 


Signal currents (directions shown are 
for the positive half-cycle of V.). 
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Power Gain 


The overall power gain is the product of the overall voltage gain (Aj,) and the overall cur- 
rent gain (A)). 


A, = Aj,A; Equation 6-11 


where Aj, = V,/V,. 


t of an amplifier, how are the capacitors treated? 
bypassed with a capacitor, how is the gain of the amplifier 


uded in the total input resistance of a common-emitter 


the overall voltage gain of a common-emitter amplifier? 
acitively coupled to the collector of a CE amplifier, is the 
ecreased? 

ionship of the input and output voltages of a CE amplifier? 


6-4 THE COMMON-COLLECTOR AMPLIFIER 


The common-collector (CC) amplifier is usually referred to as an emitter-follower 
(EF). The input is applied to the base through a coupling capacitor, and the output is at 
the emitter. The voltage gain of a CC amplifier is approximately 1, and its main advan- 
tages are its high input resistance and current gain. 


After completing this section, you should be able to 


4 Describe and analyze the operation of common-collector amplifiers 
ifier with voltage-divider bias 


An emitter-follower circuit with voltage-divider bias is shown in Figure 6-25. Notice 
that the input signal is capacitively coupled to the base, the output signal is capacitively 
coupled from the emitter, and the collector is at ac ground. There is no phase inversion, and 
the output is approximately the same amplitude as the input. 
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> FIGURE 6-25 


Emitter-follower with voltage-divider 
bias. 


Equation 6-12 


+Voc 


n> +&) 


Voltage Gain 


As in all amplifiers, the voltage gain is A, = V,,;/Vin. The capacitive reactances are as- 
sumed to be negligible at the frequency of operation. For the emitter-follower, as shown in 
the ac model in Figure 6-26, 


Vout = T,Re 
and 
Vin > Are + Re) 
Therefore, the voltage gain is 
a = eRe 
Tre + Re) 
The /, current terms cancel, and the base-to-emitter voltage gain expression simplifies to 
R 
As = == 
re + Re 


where R, is the parallel combination of Rg and R;. If there is no load, then R, = Rg. Notice 
that the gain is always less than 1. If R, >> rj, then a good approximation is 


A, =1 
Since the output voltage is at the emitter, it is in phase with the base voltage, so there is no 
inversion from input to output. Because there is no inversion and because the voltage gain 


is approximately 1, the output voltage closely follows the input voltage in both phase and 
amplitude; thus the term emitter-follower. 


» FIGURE 6-26 


Emitter-follower model for voltage 
gain derivation. 


Transistor 
equivalent 


Vien = ile, of R.) 
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Input Resistance 


The emitter-follower is characterized by a high input resistance; this is what makes it a 
useful circuit. Because of the high input resistance, it can be used as a buffer to minimize 
loading effects when a circuit is driving a low-resistance load. The derivation of the input 
resistance, looking in at the base of the common-collector amplifier, is similar to that for 
the common-emitter amplifier. In a common-collector circuit, however, the emitter resistor 
is never bypassed because the output is taken across R,, which is Rg in parallel with R;. 


= Vii _ Vy _ LAr + R.) 
in(base) L h a 
in 


R 


Since, = 1. = Bacly 


 Baclilt, +R) 
Rin base) = I; 


The J, terms cancel; therefore, 
Rin(basey = Baclte + Re) 
If R, >> ri, then the input resistance at the base is simplified to 
Rin(base) = Backe 


The bias resistors in Figure 6—25 appear in parallel with Rin(pase), looking from the input 
source; and just as in the common-emitter circuit, the total input resistance is 


Rinctot) a Ry | Ro | Rin(base) 


Output Resistance 


With the load removed, the output resistance, looking into the emitter of the emitter-follower, 
is approximated as follows: 


R, is the resistance of the input source. The derivation of Equation 6-14, found in 
“Derivations of Selected Equations” at www.pearsonhighered.com/floyd, is relatively 
involved and several assumptions have been made. The output resistance is very low, making 
the emitter-follower useful for driving low-resistance loads. 


Current Gain 


The current gain for the emitter-follower in Figure 6—25 is 


where /;, = Vin/Rinitot): 


Power Gain 


The common-collector power gain is the product of the voltage gain and the current gain. 
For the emitter-follower, the power gain is approximately equal to the current gain because 
the voltage gain is approximately 1. 


Since A, = 1, the power gain is 


Equation 6-13 


Equation 6-14 


Equation 6-15 


Equation 6-16 


5 
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EXAMPLE 6-9 


» FIGURE 6-27 


Determine the total input resistance of the emitter-follower in Figure 6—27. Also find 
the voltage gain, current gain, and power gain in terms of power delivered to the load, 
R,. Assume Bg. = 175 and that the capacitive reactances are negligible at the fre- 
quency of operation. 


Voc 
+10 V 


V Ci 
o- | + 2N3904 
3 Vrms ‘ae C 
H 2 
Vout 
Ry 
51kQ 10 uF R, 


The ac emitter resistance external to the transistor is 
R, = Rg Rr = 47004700 = 2350 
The approximate resistance, looking in at the base, is 
Ringbasey = Backe = (175)(235 0) = 41.1k0 
The total input resistance is 
Ringtot) = Ri || R2 || Rinwasey = 18kO || 51kO | 41.1kO = 10.1k0 


The voltage gain is A, = 1. By using r/, you can determine a more precise value of 
A, if necessary. 


—_ ( Ro yy oy ( 51kQ 
eevee OE CN 8k + 51k 
= (0.739)(10 V) — 0.7V = 6.69V 


jiov = OLY 


Therefore, 
Ve 6.69V 
Ip=—= = 14.2mA 
Re 4700 
and 
2mV 25mvV 
ae = 1760 
ip 14.2mA 
So, 
R 235.0 
oe 0.992 


Vv 


FoR, | 2370 


The small difference in A,, as a result of considering r; is insignificant in most cases. 
The current gain is A; = J,/I;,. The calculations are as follows: 


V. AV, _ (0.992)3V) _ 2.98V 


L= ~ = 12.7mA 
eR, 235 0 235 0 = 
4 = eee 
ey 8 OD is 
IL 12.7mA 
eee mA _ ag 


a 997 A 
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The power gain is 
A, = A; = 42.8 
Since R; = Rp, one-half of the power is dissipated in Rg and one-half in R;. Therefore, 


in terms of power to the load, the power gain is 


A 42.8 
P é 
Ap(load) = = = —— = 21.4 
‘p(load ) 2 2 


Related Problem If R,; in Figure 6-27 is decreased in value, does power gain to the load increase or 
decrease? 


Open the Multisim file E06-09 in the Examples folder on the companion website. 
Measure the voltage gain and compare with the calculated value. 


HISTORY NOTE 


The Darlington Pair 


As you have seen, §,,. is a major factor in determining the input resistance of an amplifier. 
The £,, of the transistor limits the maximum achievable input resistance you can get from 
a given emitter-follower circuit. 

One way to boost input resistance is to use a Darlington pair, as shown in Figure 6-28. 
The collectors of two transistors are connected, and the emitter of the first drives the base 
of the second. This configuration achieves 6, multiplication as shown in the following 
steps. The emitter current of the first transistor is 


Tet = Bacto 


This emitter current becomes the base current for the second transistor, producing a sec- 
ond emitter current of 


Teo = Bacolet = BactBacwlp1 


Therefore, the effective current gain of the Darlington pair is 


Bac = Bact Pac2 


Neglecting r, by assuming that it is much smaller than Rx, the input resistance is 


Rin = BacitBac2ke Equation 6-17 


+Vec <4 FIGURE 6-28 
oO 
A Darlington pair multiplies Ba. 


Leo = BactBac2!o1 


An Application The emitter-follower is often used as an interface between a circuit with 
a high output resistance and a low-resistance load. In such an application, the emitter- 
follower is called a buffer. 
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» FIGURE 6-29 


A Darlington emitter-follower used 
as a buffer between a common- 
emitter amplifier and a low- 
resistance load such as a speaker. 


Suppose a common-emitter amplifier with a 1.0kQ collector resistance must drive a 
low-resistance load such as an 8 ( low-power speaker. If the speaker is capacitively cou- 
pled to the output of the amplifier, the 8 O load appears—to the ac signal—in parallel with 
the 1.0kQ collector resistor. This results in an ac collector resistance of 


R. = Rc|| Ry = 1.0k0,||8O = 7.940 


Obviously, this is not acceptable because most of the voltage gain is lost (A, = R,/r). For 
example, if 7, = 5 ©, the voltage gain is reduced from 


Rc 1.0kQ 
Ay = = = 200 
ig r, 50, 
with no load to 
Ro 7.940, 
= = = 1.59 
. Te 50, 


with an 8 © speaker load. 
An emitter-follower using a Darlington pair can be used to interface the amplifier and 
the speaker, as shown in Figure 6-29. 


Voc 
O 


Partial diagram of common- 
emitter amplifier 


Darlington emitter-follower 


EXAMPLE 6-10 


Solution 


In Figure 6-29 for the common-emitter amplifier, Voc = 12 V, Rc = 1.0kQ and 
r, = 5 Q.. For the Darlington emitter-follower, R; = 10k0,R. = 22k0O,Rg = 
220, R;, = 80, Vec = 12 V, and Bpc = Bac = 100 for each transistor. Neglect 
Rwe ASE) of the Darlington. 


(a) Determine the voltage gain of the common-emitter amplifier. 
(b) Determine the voltage gain of the Darlington emitter-follower. 


(c) Determine the overall voltage gain and compare to the gain of the common-emitter 
amplifier driving the speaker directly without the Darlington emitter-follower. 


(a) To determine A, for the common-emitter amplifier, first find r; for the Darlington 


emitter-follower. 
R> DINO) 
Vz = Voc = 12V = 8.25 V 


Rat Rp 32 kO 
Ve Vp—2Vpp_ 8.25V—14V__ 6.85V 
a —— - = 311mA 
Rp Re 22.0 22.0 
25mV _ 25mV 
r= ae =a 80 mQ 


is fen SilmA 
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Note that Rp must dissipate a power of 
Pr, = aRp = (311 mA)?22 Q) = 2.13 W 
and transistor Q> must dissipate 
Pon — (Veco — Ve\ig = 6.4 V)G11 mA) = 1.68 W 
Next, the ac emitter resistance of the Darlington emitter-follower is 
R, = Rell Ry = 22080 = 5.870 
The total input resistance of the Darlington emitter-follower is 


Rinttot) = Ri || R2 || Baclrs + Re) 
= 10k0|| 22kQ || 1007(80 mO. + 5.870) = 6.16k0 


The effective ac collector resistance of the common-emitter amplifier is 
The voltage gain of the common-emitter amplifier is 
R 860 0, 
Aya = SE 
ih 50 


172 


(b) The effective ac emitter resistance was found in part (a) to be 5.87 Q.. The voltage 
gain for the Darlington emitter-follower is 
R. 5.87 © 
A, = = = 
ae IR, OI) se SHS 


0.99 


(c) The overall voltage gain is 
A; = Ay (EF) Av(CE) = (0.99)(172) = 170 


If the common-emitter amplifier drives the speaker directly, the gain is 1.59 as we 
previously calculated. 


Related Problem Using the same circuit values, determine the voltage gain of the common-emitter 
amplifier in Figure 6—29 if a single transistor is used in the emitter-follower in place of 
the Darlington pair. Assume Bpc = Bac = 100. Explain the difference in the voltage 
gain without the Darlington pair. 


The Sziklai Pair HISTORY NOTE 


The Sziklai pair, shown in Figure 6-30, is similar to the Darlington pair except that it 
consists of two types of transistors, an npn and a pnp. This configuration is sometimes 


+Vcc A FIGURE 6-30 


The Sziklai pair. 
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known as a complementary Darlington or a compound transistor. The current gain is 
about the same as in the Darlington pair, as illustrated. The difference is that the Q> base 
current is the Q, collector current instead of emitter current, as in the Darlington 
arrangement. 

An advantage of the Sziklai pair, compared to the Darlington, is that it takes less 
voltage to turn it on because only one barrier potential has to be overcome. A Sziklai 
pair is sometimes used in conjunction with a Darlington pair as the output stage of 
power amplifiers. In this case, the output power transistors are both the same type (two 
npn or two pnp transistors). This makes it easier to obtain exact matches of the output 
transistors, resulting in improved thermal stability and better sound quality in audio 
applications. 


mon-collector amplifier called? 
il maximum voltage gain of a common-collector amplifier? 
of the common-collector amplifier makes it a useful circuit? 


6-5 THE COMMON-BASE AMPLIFIER 


The common-base (CB) amplifier provides high voltage gain with a maximum 
current gain of 1. Since it has a low input resistance, the CB amplifier is the most appro- 
priate type for certain applications where sources tend to have very low-resistance 
outputs. 


After completing this section, you should be able to 


| Describe and analyze the operation of common-base amplifiers 
Determ: the vi e gain 


A typical common-base amplifier is shown in Figure 6-31. The base is the common 
terminal and is at ac ground because of capacitor Cy. The input signal is capacitively 
coupled to the emitter. The output is capacitively coupled from the collector to a load 
resistor. 


Voltage Gain 
The voltage gain from emitter to collector is developed as follows (Vj, = V., Vout = Ve). 
Vout _ Ve = [Re ae [Re 


Ay = = 
° Vi Vv. LAr. | Rg) IAr, | Rg) 
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Vin EN, 


R, =Ro | R, 


(a) Complete circuit with load (b) AC equivalent model 


A FIGURE 6-31 


Common-base amplifier with voltage-divider bias. 


If Rg > nr, then 
A, = 


where R,, = Rc || R,. Notice that the gain expression is the same as for the common-emitter 
amplifier. However, there is no phase inversion from emitter to collector. 

Input Resistance 

The resistance, looking in at the emitter, is 

Vin _ Ve _ Ielre||Re) 


in(emitter) = T 


ii I, Te 


R 


If Rp > ri, then 


—d , 
Rin(emitter) =e 


Rg is typically much greater than r’,, so the assumption that r)|| Rg = r is usually valid. 
The input resistance can be set to a desired value by using a swamping resistor. 


Output Resistance 


Looking into the collector, the ac collector resistance, rZ, appears in parallel with Rc. As 
you have previously seen in connection with the CE amplifier, r2 is typically much larger 
than Rc, so a good approximation for the output resistance is 


Rout = Rc 


Current Gain 


The current gain is the output current divided by the input current. /, is the ac output cur- 
rent, and /, is the ac input current. Since J, = J,, the current gain is approximately 1. 


A; =1 


Power Gain 


Since the current gain is approximately | for the common-base amplifier and A, = A, Aj, 
the power gain is approximately equal to the voltage gain. 


Ap =A, 


Equation 6-18 


Equation 6-19 


Equation 6-20 


Equation 6-21 


Equation 6-22 


5 
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EXAMPLE 6-11 Find the input resistance, voltage gain, current gain, and power gain for the amplifier 
in Figure 6-32. Bpc = 250. 


» FIGURE 6-32 


Solution First, find J, so that you can determine r). Then R;, = 72. 
pe, = Riko _ (56kM)12kO) 
THR, + Ro 56kD. + 12k0 


V: =| Ra yy = Eo )iov = L76V 
Sonne) ~° » \56kO + 12k0 


Vrn — Vee 1.76V —0.7V 
Re+Rra/Bpc 1.0kO + 39.50 


= 9.88 kO 


if = [oa 


Therefore, 


_ 25mV — 25mV 
ie 1.02mA 


= 24.50, 


=> , 
Is = lig 


Calculate the voltage gain as follows: 


fa eelk, = 2.2kO | 10kO = 1.8k0 


Also, Aj = LandA, = A, = 76.3. 


Related Problem Find A, in Figure 6-32 if Bpc = 50. 


Open the Multisim file EO6-11 in the Examples folder on the companion website. 
Measure the voltage gain and compare with the calculated value. 


voltage gain be achieved with a common-base as with a common- 
1? 


on-base amplifier have a low or a high input resistance? 
ximum current gain in a common-base amplifier? 
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6-6 MULTISTAGE AMPLIFIERS 


Two or more amplifiers can be connected in a cascaded arrangement with the output 
of one amplifier driving the input of the next. Each amplifier in a cascaded arrange- 
ment is known as a stage. The basic purpose of a multistage arrangement is to increase 
the overall voltage gain. Although discrete multistage amplifiers are not as common as 
they once were, a familiarization with this area provides insight into how circuits 
affect each other when they are connected together. 


After completing this section, you should be able to 


Multistage Voltage Gain 


The overall voltage gain, Aj, of cascaded amplifiers, as shown in Figure 6—33, is the product 
of the individual voltage gains. 


Aj, = AyAy2Ay3- - - Ayn Equation 6-23 


where n is the number of stages. 


o Output 


A FIGURE 6-33 


Cascaded amplifiers. Each triangular symbol represents a separate amplifier. 


Amplifier voltage gain is often expressed in decibels (dB) as follows: 
Ayapy = 20log A, Equation 6-24 


This is particularly useful in multistage systems because the overall voltage gain in dB is 
the sum of the individual voltage gains in dB. 


AvaB) = Aviqapy + Ayaapy + °** + Avna) 


plifier arrangement has the following voltage gains: A,; = 10, 
). What is the overall voltage gain? Also express each gain in 
etermine the total voltage gain in dB. 


302 


Sa 


BJT AMPLIFIERS 


Solution 


Related Problem 


Aj, = AyjAy2Ay3 = (10)(15)(20) = 3000 
Ayiap) = 20 log 10 = 20.0 dB 
Ayoapy = 20 log 15 = 23.5 dB 
Ay3(aB) = 20 log 20 = 26.0 dB 
Aap) = 20.0dB + 23.5dB + 26.0dB = 69.5 dB 


In a certain multistage amplifier, the individual stages have the following voltage 
gains: A,y = 25,A,) = 5,andA,3 = 12. What is the overall gain? Express each gain 
in dB and determine the total voltage gain in dB. 


Capacitively-Coupled Multistage Amplifier 


For purposes of illustration, we will use the two-stage capacitively coupled amplifier in 
Figure 6-34. Notice that both stages are identical common-emitter amplifiers with the 
output of the first stage capacitively coupled to the input of the second stage. Capacitive 
coupling prevents the dc bias of one stage from affecting that of the other but allows the ac 
signal to pass without attenuation because Xc = 0. at the frequency of operation. 
Notice, also, that the transistors are labeled Q, and Q). 


Vec 


+10 V 


Ist stage 2nd stage 


Cs 
Cr if OV out 
1 uF 
Va o—} - 


i 


Boc = Bac = 150 for Q; and Q, 


A FIGURE 6-34 


A two-stage common-emitter amplifier. 


Loading Effects In determining the voltage gain of the first stage, you must consider the 
loading effect of the second stage. Because the coupling capacitor C3 effectively appears 
as a short at the signal frequency, the total input resistance of the second stage presents an 
ac load to the first stage. 

Looking from the collector of Q;, the two biasing resistors in the second stage, R5 
and R¢6, appear in parallel with the input resistance at the base of Q>. In other words, the 
signal at the collector of Q; “sees” R3, R5, Re, and Rin(haser) Of the second stage all in 
parallel to ac ground. Thus, the effective ac collector resistance of Q, is the total of all 
these resistances in parallel, as Figure 6-35 illustrates. The voltage gain of the first 
stage is reduced by the loading of the second stage because the effective ac collector 
resistance of the first stage is less than the actual value of its collector resistor, R3. 
Remember that A, = R,/r}. 
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Input resistance of second stage “FIGURE 6-35 


AC equivalent of first stage in Figure 
6-34, showing loading from second 
stage input resistance. 


uss 


Ron ace 2) 
3.57 kO, 


Voltage Gain of the First Stage The ac collector resistance of the first stage is 
Rey = R3|| Rs || Ro | Rinbase2) 


Remember that lowercase italic subscripts denote ac quantities such as for R,. 
You can verify that J; = 1.05 mA, 7, = 23.80, and Rin(basez) = 3-57 kQ.. The effective 
ac collector resistance of the first stage is as follows: 


Rey = 4.7kO, | 47kO. | 10k | 3.57kO = 1.63k0 
Therefore, the base-to-collector voltage gain of the first stage is 


Re 1.63kO 
Ay =—<= = 68. 
nr 23.80 oe 


Voltage Gain of the Second Stage The second stage has no load resistor, so the ac col- 
lector resistance is R7, and the gain is 


R, 4.7kO | 


Awe 
er 2380 


197 


Compare this to the gain of the first stage, and notice how much the loading from the sec- 
ond stage reduced the gain. 


Overall Voltage Gain The overall amplifier gain with no load on the output is 
Ay = AyjAy2 = (68.5)(197) = 13,495 


If an input signal of 100 wV, for example, is applied to the first stage and if there is no atten- 
uation in the input base circuit due to the source resistance, an output from the second stage 
of (100 wV)(13,495) = 1.35 V will result. The overall voltage gain can be expressed in dB 
as follows: 


Alas) = 20 log (13,495) = 82.6 dB 


DC Voltages in the Capacitively Coupled Multistage Amplifier Since both stages in 
Figure 6—34 are identical, the dc voltages for Q; and Q> are the same. Since BpcR4 >> R2 
and BpcR, >> R6, the dc base voltage for Q; and Q> is 


V = ( Ra yy = (BE tov = 175 
BAR, + Ro] ©” \57kO 


The dc emitter and collector voltages are as follows: 


Va = Vp — 0.7V = 1.05V 
Ve 1.05 V 

Ip=—= = 1.05mA 
Ry 1.0kO 

Ic = Iz = 1.05mA 


Vo = Voc — IcR3 = 10 V — (1.05 mA)(4.7kQ) = 5.07 V 
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Direct-Coupled Multistage Amplifiers 


A basic two-stage, direct-coupled amplifier is shown in Figure 6—36. Notice that there are 
no coupling or bypass capacitors in this circuit. The de collector voltage of the first stage 
provides the base-bias voltage for the second stage. Because of the direct coupling, this 
type of amplifier has a better low-frequency response than the capacitively coupled type in 
which the reactance of coupling and bypass capacitors at very low frequencies may be- 
come excessive. The increased reactance of capacitors at lower frequencies produces gain 
reduction in capacitively coupled amplifiers. 

Direct-coupled amplifiers can be used to amplify low frequencies all the way down to de 
(0 Hz) without loss of voltage gain because there are no capacitive reactances in the circuit. 
The disadvantage of direct-coupled amplifiers, on the other hand, is that small changes in the 
dc bias voltages from temperature effects or power-supply variation are amplified by the suc- 
ceeding stages, which can result in a significant drift in the dc levels throughout the circuit. 


> FIGURE 6-36 +Voc 
O 


A basic two-stage direct-coupled 
amplifier. 


Le in 


Joes the term stage mean? 

e overall voltage gain of a multistage amplifier determined? 
1 voltage gain of 500 in dB. 

1 disadvantage of a capacitively coupled amplifier. 


6-7 THE DIFFERENTIAL AMPLIFIER 


A differential amplifier is an amplifier that produces outputs that are a function of the 
difference between two input voltages. The differential amplifier has two basic modes of 
operation: differential (in which the two inputs are different) and common mode (in 
which the two inputs are the same). The differential amplifier is important in operational 
amplifiers, which are covered beginning in Chapter 12. 


After completing this section, you should be able to 


4 Describe the differential amplifier and its operation 

4 Discuss the basic operation 
¢ Calculate dc currents and voltages 

4 Discuss the modes of signal operation 
¢ Describe single-ended differential input operation + Describe double-ended 
differential input operation ¢ Determine common-mode operation 

4 Define and determine the common-mode rejection ratio (CMRR) 
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Basic Operation 


A basic differential amplifier (diff-amp) circuit is shown in Figure 6-37. Notice that the 
differential amplifier has two inputs and two outputs. 


+Voc 


Output | o———— @———O Output 2 


Input 1 —K) Cp Input 2 
Q Q 


1 2) 


RE 


Veg 


The following discussion is in relation to Figure 6—38 and consists of a basic de analy- 
sis of the diff-amp’s operation. First, when both inputs are grounded (0 V), the emitters are 
at —0.7 V, as indicated in Figure 6—38(a). It is assumed that the transistors are identically 
matched by careful process control during manufacturing so that their dc emitter currents 
are the same when there is no input signal. Thus, 


Tg, = Igo 


Since both emitter currents combine through Rg, 


TR, 
fn = Ip = > 
where 
Ve — Vee 
i= R 
E 
Based on the approximation that Jc = Jp, 
~ IR 
igh Aes =". 


Since both collector currents and both collector resistors are equal (when the input voltage 
is zero), 


Vor = Veo = Vee ~ IeiRei 


This condition is illustrated in Figure 6—38(a). 

Next, input 2 is left grounded, and a positive bias voltage is applied to input 1, as shown 
in Figure 6—38(b). The positive voltage on the base of Q, increases Jc, and raises the emit- 
ter voltage to 


Veg = Vp = 00). V 


This action reduces the forward bias (Vgr) of Q> because its base is held at 0 V (ground), 
thus causing Jc) to decrease. The net result is that the increase in J¢, causes a decrease in 
Vc, and the decrease in Jc causes an increase in Vc2, as shown. 


<@ FIGURE 6-37 


5 
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Basic differential amplifier. 
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(a) Both inputs grounded 


—Vep 
(b) Bias voltage on input 1 with input 2 grounded 


(c) Bias voltage on input 2 with input 1 grounded 


A FIGURE 6-38 


Basic operation of a differential amplifier (ground is zero volts) showing relative changes in voltages. 


Finally, input 1 is grounded and a positive bias voltage is applied to input 2, as shown in 
Figure 6—38(c). The positive bias voltage causes Q to conduct more, thus increasing I[¢. 
Also, the emitter voltage is raised. This reduces the forward bias of Q), since its base is 
held at ground, and causes Jc; to decrease. The result is that the increase in J¢7 produces a 
decrease in Vc, and the decrease in Jc, causes Vc to increase, as shown. 


Modes of Signal Operation 


Single-Ended Differential Input When a diff-amp is operated with this input configu- 
ration, one input is grounded and the signal voltage is applied only to the other input, as 
shown in Figure 6—39. In the case where the signal voltage is applied to input | as in part 
(a), an inverted, amplified signal voltage appears at output | as shown. Also, a signal volt- 
age appears in phase at the emitter of Q;. Since the emitters of Q; and Q are common, the 
emitter signal becomes an input to Q9, which functions as a common-base amplifier. The 
signal is amplified by Q> and appears, noninverted, at output 2. This action is illustrated in 
part (a). 

In the case where the signal is applied to input 2 with input 1 grounded, as in Figure 
6-39(b), an inverted, amplified signal voltage appears at output 2. In this situation, Q, acts 
as a common-base amplifier, and a noninverted, amplified signal appears at output 1. 
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<@ FIGURE 6-39 
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Single-ended differential input 
operation. 


V, 


out2 


Vv 


out2 


(b) 


Double-Ended Differential Inputs In this input configuration, two opposite-polarity 
(out-of-phase) signals are applied to the inputs, as shown in Figure 6—40(a). Each input af- 
fects the outputs, as you will see in the following discussion. 

Figure 6—40(b) shows the output signals due to the signal on input | acting alone as a 
single-ended input. Figure 6—40(c) on page 308 shows the output signals due to the signal 
on input 2 acting alone as a single-ended input. Notice in parts (b) and (c) that the signals 
on output | are of the same polarity. The same is also true for output 2. By superimposing 
both output | signals and both output 2 signals, you get the total output signals, as shown 
in Figure 6—40(d). 


t+Voc 


7 age 


—Veg —Veg 
(a) Differential inputs (180° out of phase) (b) Outputs due to V, 


inl 


A FIGURE 6-40 


Double-ended differential operation. (continued on next page) 
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+V, +V, 
ce 2V, ec 2V, 
Vp Vp Reo 
Voutt 1 2 Vout? 
Vout out2 
—Veg Veg 
(c) Outputs due to V;,,9 (d) Total outputs 


A FIGURE 6-40 


(continued) 


Common-Mode Inputs One of the most important aspects of the operation of a diff- 
amp can be seen by considering the common-mode condition where two signal voltages 
of the same phase, frequency, and amplitude are applied to the two inputs, as shown in 
Figure 6—41(a). Again, by considering each input signal as acting alone, you can under- 
stand the basic operation. 


t+Voc 
Re S Roo S Re S Ro 
2 1 2 
Vout ¥; ut? 
Q; Q 
2 1 2 
Vie XW “OU, Vint 
= RE 
Veg —Vee 


(a) Common-mode inputs (in phase) (b) Outputs due to V;,,; 


(c) Outputs due to V;,,9 (d) Outputs due to V;,,; and V;,,. cancel because they are equal in amplitude but 
opposite in phase. The resulting outputs are 0 V ac. 


A FIGURE 6-41 


Common-mode operation of a differential amplifier. 
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Figure 6—41(b) shows the output signals due to the signal on only input |, and Figure 
6—41(c) shows the output signals due to the signal on only input 2. Notice that the corre- 
sponding signals on output | are of the opposite polarity, and so are the ones on output 2. 
When the input signals are applied to both inputs, the outputs are superimposed and they 
cancel, resulting in a zero output voltage, as shown in Figure 6—41(d). 

This action is called common-mode rejection. Its importance lies in the situation 
where an unwanted signal appears commonly on both diff-amp inputs. Common-mode 
rejection means that this unwanted signal will not appear on the outputs and distort the 
desired signal. Common-mode signals (noise) generally are the result of the pick-up of 
radiated energy on the input lines from adjacent lines, the 60 Hz power line, or other 
sources. 


Common-Mode Rejection Ratio 


Desired signals appear on only one input or with opposite polarities on both input lines. 
These desired signals are amplified and appear on the outputs as previously discussed. 
Unwanted signals (noise) appearing with the same polarity on both input lines are essen- 
tially cancelled by the diff-amp and do not appear on the outputs. The measure of an ampli- 
fier’s ability to reject common-mode signals is a parameter called the CMIRR (common- 
mode rejection ratio). 

Ideally, a diff-amp provides a very high gain for desired signals (single-ended or differ- 
ential) and zero gain for common-mode signals. Practical diff-amps, however, do exhibit a 
very small common-mode gain (usually much less than 1), while providing a high differ- 
ential voltage gain (usually several thousand). The higher the differential gain with respect 
to the common-mode gain, the better the performance of the diff-amp in terms of rejection 
of common-mode signals. This suggests that a good measure of the diff-amp’s perform- 
ance in rejecting unwanted common-mode signals is the ratio of the differential voltage 
gain Ayq) to the common-mode gain, A,,,. This ratio is the common-mode rejection ratio, 
CMRR. 


Aya) 
Aem 


The higher the CMRR, the better. A very high value of CMRR means that the differen- 
tial gain A, q) is high and the common-mode gain A,,,, is low. 
The CMRR is often expressed in decibels (dB) as 


CMRR = Equation 6-25 


Aya 
CMRR = 20 loa > ) Equation 6-26 


cm 


EXAMPLE 6-13 A certain diff-amp has a differential voltage gain of 2000 and a common-mode gain of 
0.2. Determine the CMRR and express it in decibels. 


Solution Aq) = 2000, and A,,, = 0.2. Therefore, 


Aya) 2000 
CMRR 10,000 
Aes 0.2 ; 


Expressed in decibels, 


CMRR = 20 log (10,000) = 80 dB 


Related Problem Determine the CMRR and express it in decibels for an amplifier with a differential 
voltage gain of 8500 and a common-mode gain of 0.25. 
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A CMRR of 10,000 means that the desired input signal (differential) is amplified 
10,000 times more than the unwanted noise (common-mode). For example, if the ampli- 
tudes of the differential input signal and the common-mode noise are equal, the desired 
signal will appear on the output 10,000 times greater in amplitude than the noise. Thus, the 
noise or interference has been essentially eliminated. 


h between double-ended and single-ended differential inputs. 
mon-mode rejection. 


value of differential gain, does a higher CMRR result in a higher or lower 
node gain? 


6-8 TROUBLESHOOTING 


= In working with any circuit, you must first know how it is supposed to work before you 


can troubleshoot it for a failure. The two-stage capacitively coupled amplifier discussed 
in Section 6-6 is used to illustrate a typical troubleshooting procedure. 


After completing this section, you should be able to 


4 Troubleshoot amplifier circuits 

4 Discuss a troubleshooting procedure 
Describe the analysis phase ¢ Describe the planning phase ¢ Describe the 
measurement phase 


Chapter 18: Basic Programming Concepts for Automated Testing 
\\ Selected sections from Chapter 18 may be introduced as part of this troubleshooting 
WE coverage or, optionally, the entire Chapter 18 may be covered later or not at all. 


When you are faced with having to troubleshoot a circuit, the first thing you need is a 
schematic with the proper dc and signal voltages labeled. You must know what the correct 
voltages in the circuit should be before you can identify an incorrect voltage. Schematics 
of some circuits are available with voltages indicated at certain points. If this is not the 
case, you must use your knowledge of the circuit operation to determine the correct volt- 
ages. Figure 6—42 is the schematic for the two-stage amplifier that was analyzed in Section 
6-6. The correct voltages are indicated at each point. 


Troubleshooting Procedure 


The analysis, planning, and measurement approach to troubleshooting, discussed in 
Chapter 2, will be used. 


Analysis It has been found that there is no output voltage, V,,,,. You have also deter- 
mined that the circuit did work properly and then failed. A visual check of the circuit board 
or assembly for obvious problems such as broken or poor connections, solder splashes, 
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100 wV rms 100 zV rms 6.85 mV rms 6.85 mV rms 1.35 V rms 1.35 V rms 
OVdc 1.75 V de 5.07 V de 1.73: ¥ de 5.07 V de OV dc 


» FIGURE 6-42 


A two-stage common-emitter amplifier with correct voltages indicated. Both transistors have dc and 
ac betas of 150. Different values of 8 will produce slightly different results. 


wire clippings, or burned components turns up nothing. You conclude that the problem is 
most likely a faulty component in the amplifier circuit or an open connection. Also, the dc 
supply voltage may not be correct or may be missing. 


Planning You decide to use an oscilloscope to check the dc levels and the ac signals 
(you prefer to use a DMM to measure the dc voltages) at certain test points. Also, you de- 
cide to apply the half-splitting method to trace the voltages in the circuit and use an in-circuit 
transistor tester if a transistor is suspected of being faulty. 


Measurement To determine the faulty component in a multistage amplifier, use the gen- 
eral five-step troubleshooting procedure which is illustrated as follows. 


Step 1: Perform a power check. Assume the dc supply voltage is correct as indicated 
in Figure 6-43. 


Step 2: Check the input and output voltages. Assume the measurements indicate that 
the input signal voltage is correct. However, there is no output signal voltage 
or the output signal voltage is much less than it should be, as shown by the di- 
agram in Figure 6—43. 


Much less than normal 
Input signal present No output signal signal voltage 


Power is on 


A FIGURE 6-43 


Initial check of a faulty two-stage amplifier. 
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Step 3: 


Input signal present o—}) 


Apply the half-splitting method of signal tracing. Check the voltages at the 
output of the first stage. No signal voltage or a much less than normal signal 
voltage indicates that the problem is in the first stage. An incorrect dc volt- 
age also indicates a first-stage problem. If the signal voltage and the dc 
voltage are correct at the output of the first stage, the problem is in the 
second stage. After this check, you have narrowed the problem to one of the 
two stages. This step is illustrated in Figure 6—44. 


Correct signal 


Screen indicates a 
fault in Stage 2. 


Stage 2 (—. 


Either screen indicates on 
a fault in Stage 1. 


No signal or incorrect Much less than normal 
de voltage signal voltage 


A FIGURE 6-44 


Half-splitting signal tracing isolates the faulty stage. 


Step 4: 


Step 5: 


Apply fault analysis. Focus on the faulty stage and determine the component 
failure that can produce the incorrect output. 


Symptom: DC voltages incorrect. 


Likely faults: A failure of any resistor or the transistor will produce an incor- 
rect dc bias voltage. A leaky bypass or coupling capacitor will also affect the 
dc bias voltages. Further measurements in the stage are necessary to isolate 
the faulty component. 


Incorrect ac voltages and the most likely fault(s) are illustrated in Figure 
6-45 as follows: 


(a) Symptom 1; Signal voltage at output missing; dc voltage correct. 
Symptom 2: Signal voltage at base missing; dc voltage correct. 
Likely fault: Input coupling capacitor open. This prevents the signal 
from getting to the base. 


(b) Symptom: Correct signal at base but no output signal. 
Likely fault: Transistor base open. 


(c) Symptom: Signal voltage at output much less than normal; de voltage 
correct. 
Likely fault: Bypass capacitor open. 


Replace or repair. With the power turned off, replace the defective compo- 
nent or repair the defective connection. Turn on the power, and check for 
proper operation. 


No signal 


Verified signal 
present 


(a) Coupling capacitor open 


Verified signal 
present 


No signal 


DC voltages correct 
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Correct signal No signal 


\ 


Base 
OPEN = 


Verified signal ) 
present 


DC voltages correct 


(b) Transistor base open 


Much less than normal 
signal voltage 


(c) Bypass capacitor open 


A FIGURE 6-45 


Troubleshooting a faulty stage. 


EXAMPLE 6-14 


Solution 


The two-stage amplifier in Figure 6—42 has malfunctioned. Specify the step-by-step 
troubleshooting procedure for an assumed fault. 


Assume there are no visual or other indications of a problem such as a charred resistor, 
solder splash, wire clipping, broken connection, or extremely hot component. The 
troubleshooting procedure for a certain fault scenario is as follows: 


Step 1: There is power to the circuit as indicated by a correct Vcc measurement. 


Step 2: There is a verified input signal voltage, but no output signal voltage is 
measured. 


Step 3: The signal voltage and the dc voltage at the collector of Q, are correct. This 
means that the problem is in the second stage or the coupling capacitor C3 
between the stages. 


Step 4: The correct signal voltage and dc bias voltage are measured at the base of Q). 

This eliminates the possibility of a fault in C3 or the second stage bias circuit. 

The collector of Q> is at 10 V and there is no signal voltage. This measure- 
ment, made directly on the transistor collector, indicates that either the collec- 
tor is shorted to Vcc or the transistor is internally open. It is unlikely that the 
collector resistor R7 is shorted but to verify, turn off the power and use an 
ohmmeter to check. 

The possibility of a short is eliminated by the ohmmeter check. The other 
possible faults are (a) transistor Q> internally open or (b) emitter resistor or 
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connection open. Use a transistor tester and/or ohmmeter to check each of 
these possible faults with power off. 


Step 5: Replace the faulty component or repair open connection and retest the circuit 
for proper operation. 


Related Problem Determine the possible fault(s) if, in Step 4, you find no signal voltage at the base of 
Q> but the de voltage is correct. 


Multisim Troubleshooting Exercises 
These file circuits are in the Troubleshooting Exercises folder on the companion website. 


Open each file and determine if the circuit is working properly. If it is not working prop- 
erly, determine the fault. 


Multisim file TSEO6-01 
Multisim file TSEO6-02 
Multisim file TSEO6-03 
Multisim file TSEO6-04 
Multisim file TSEO6-05 


af YS eS 


_in Figure 6—42 were open, how would the output signal be affected? How would 
: level at the collector of Q, be affected? 


Figure 6—42 were open, how would the output signal be affected? 


coupling capacitor C3 in Figure 6—42 shorted out, would any of the dc voltages 
mplifier be changed? If so, which ones? 


Application Activity: Audio Preamplifier for PA System 


An audio preamplifier is to be developed for use in a small portable public address (PA) 
system. The preamplifier will have a microphone input, and its output will drive a power 
amplifier to be developed in Chapter 7. A block diagram of the complete PA system is 
shown in Figure 6—46(a), and its physical configuration is shown in part (b). The dc supply 
voltages are provided by a battery pack or by an electronic power supply. 


The Circuit 


A 2-stage audio voltage preamplifier is shown in Figure 6—47. The first stage is a common- 
emitter pnp with voltage-divider bias, and the second stage is a common-emitter npn with 
voltage-divider bias. It has been decided that the amplifier should operate from 30 V dc to 
get a large enough signal voltage swing to provide a maximum of 6 W to the speaker. 
Because small IC regulators such as the 78xx and 79xx series are not available above 24 V, 
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Microphone 
DC power supply P 


am 


Audio preamp Power amplifier 


(a) PA system block diagram (b) Physical configuration 


The public address system. 
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° 
ae 
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ro) 
Veg Bpc = 200 
-15V 


Two-stage voltage preamplifier. 


dual +15 V dc supplies are used in this particular system instead of a single supply. The 
operation is essentially the same as if a single +30 V dc source had been used. The poten- 
tiometer at the output provides gain adjustment for volume control. The input to the first 
stage is from the microphone, and the output of the second stage will drive a power ampli- 
fier to be developed in Chapter 7. The power amplifier will drive the speaker. The preamp is 
to operate with a peak input signal range of from 25 mV to 50 mV. The minimum range of 
voltage gain adjustment is from 90 to 170. 

1. Calculate the theoretical voltage gain of the first stage when the second stage is 

set for maximum gain. 

2. Calculate the theoretical maximum voltage gain of the second stage. 

3. Determine the overall theoretical voltage gain. 

4. Calculate the circuit power dissipation with no signal (quiescent). 
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Simulation 
The preamp is simulated with a peak input signal of 45 mV using Multisim. The results 
are shown in Figure 6—48. 
5. Determine the voltage gain of the simulated circuit based on the voltage measurements. 
6. Compare the measured voltage gain with the calculated voltage gain. 
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(a) Circuit screen 


= Simulated Tektronix Oscilloscope-XSC1 
Tektronix TDS 2024 BURL AWeke oscunoscore | POuht 


(b) Input signal (yellow) and output signal (blue) 


FIGURE 6-48 


Preamp input and output signals. 
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Simulate the preamp circuit using your Multisim software. Observe the operation with 
the virtual oscilloscope. 


Prototyping and Testing” 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 


Lab Experiment 
oa To build and test a similar circuit, go to Experiment 6 in your lab manual (Laboratory 


_| Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Circuit Board 


The preamp is implemented on a printed circuit board as shown in Figure 6—49. 


7. Check the printed circuit board and verify that it agrees with the schematic in Figure 
6-47. The volume control potentiometer is mounted off the PC board for easy access. 
8. Label each input and output pin according to function. 


A FIGURE 6-49 


Preamp circuit board. 


Troubleshooting 
Two preamp circuit boards have failed the production test. You will troubleshoot the 
boards based on the scope measurements shown in Figure 6-50. 


9. List possible faults for board 1. 
10. List possible faults for board 2. 


“An example of a combined software/hardware approach to simulating and prototyping a circuit is NI 
ELVIS (National Instrument Educational Laboratory Virtual Instrumentation Suite), which combines 
Multisim software with actual prototyping hardware. 
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-15V +15V 


45 mV peak 
input signal >i 


Gain 
adjustment 
potentiometer 


(a) Test result for board 1 


-15V +15 V 


45 mV peak 
input signal = 


Gain 
adjustment 
potentiometer 


(b) Test result for board 2 


» FIGURE 6-50 
Test of two faulty preamp boards. 
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SUMMARY OF THE COMMON-EMITTER AMPLIFIER 


CIRCUIT WITH VOLTAGE-DIVIDER BIAS 


= Input is at the base. Output is at the collector. 


+Voc 
? = There is a phase inversion from input to output. 
———————9 
= R = Re CG, = Cj and C; are coupling capacitors for the input and output signals. 
es [Vn = Cy is the emitter-bypass capacitor. 
1 
Vis —}Ht—_) = All capacitors must have a negligible reactance at the frequency 
of operation, so they appear as shorts. 
= Emitter is at ac ground due to the bypass capacitor. 
Sh Sh ie 


EQUIVALENT CIRCUITS AND FORMULAS 


= DC formulas: 


4+Voc 


— RR, 
toe +R 
_ (es 
"s iF ath avec 
Ge Vrn — Ver 
Re + Rry/Bpc 
Ve = JpRe 
aoe VE tT Ven 


Ve = Vec — IcRc 


DC equivalent circuit 


= AC formulas: 


Vove 
» — Zain 
r= 
Tp 
LS satheages a BSrenik Z 
Rout = Rc 
Re 
As = are 
Ye 
i oa ote Ale =< 
AC equivalent circuit Lin 
Ay = 8 
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R, 


R.=RcllR, 
Rey 


AC equivalent circuit 


SISTIVE LOAD 


= AC formulas: 
R. 
A, = — 
"Rey 


where R. = Rc || Ry, 

Berase) — Bacl’e + Res) 

Swamping stabilizes gain by minimizing the effect of r. 
Swamping reduces the voltage gain from its unswamped value. 
Swamping increases input resistance. 


The load resistance reduces the voltage gain. The smaller the 
load resistance, the less the gain. 


SUMMARY OF THE COMMON-COLLECTOR AMPLIFIER 


Input is at the base. Output is at the emitter. 
= There is no phase inversion from input to output. 
= Input resistance is high. Output resistance is low. 
= Maximum voltage gain is 1. 


= Collector is at ac ground. 


= Coupling capacitors must have a negligible reactance at the fre- 


quency of operation. 
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DC equivalent circuit 


Tp 


Back, e 1 R.) = BacRe 


Yi Re 


AC equivalent circuit 


SUMMARY OF COMMON-BASE AMPLIFIER 


is at the emitter. Output is at the collector. 


is no phase inversion from input to output. 
put resistance is low. Output resistance is high. 


num current gain is 1. 
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EQUIVALENT CIRCUITS AND FORMULAS 


= DC formulas: 


t+Voc 
ie RR 
rT Ron B+ Ry 
il 2 
R Ske R 
Vou = (=—— ]Vec 
R, + Ro 
‘< I Vain VBE 
_ = 
Re + Rru/Bpc 
=k Ske Ve = [eRe 
= = Vz = Ve ar VpBE 
| DC equivalent circuit Ve = Vcc — IcRc 
fi ‘ = AC formulas: 
7 _. Za woy 
i @ RcllR a 7 
ORIEAVA E 
= = Reenter) = oi : 
a Rout = Re 
R 
Sk A, = = 
e 
= = 1 
AC equivalent circuit ay, = A, 


SUMMARY OF DIFFERENTIAL AMPLIFIER 


CIRCUIT WITH DIFFERENTIAL INPUTS 


Vee = Double-ended differential inputs (shown) 

? Signal on both inputs 
Input signals are out of phase 

= Single-ended differential inputs (not shown) 
Signal on one input only 


One input connected to ground 


; 
} 
| 
wee 


V, 


outl 


e——_o Vout2 CMRR = 


SUMMARY 


Section 6-1 


Section 6—2 


Section 6-3 


Section 6—4 


Section 6—5 


Voltage gain, A, 


Current gain, Aignax) 


Power gain, A, 


Input resistance, Rin(max) 


Output resistance, Rout 
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= Both input signals are the same phase, frequency, 
and amplitude. 


= Common-mode rejection ratio: 
Ava) 


cm 


A 
CMRR = 20log (22) 


cm 


® A small-signal amplifier uses only a small portion of its load line under signal conditions. 


® The ac load line differs from the dc load line because the effective ac collector resistance is less 


than the de collector resistance. 


® r parameters are easily identifiable and applicable with a transistor’s circuit operation. 
® h parameters are important because manufacturers’ datasheets specify transistors using / parameters. 


® A common-emitter amplifier has high voltage, current, and power gains, but a relatively low 


input resistance. 


® Swamping is a method of stabilizing the voltage gain. 


® A common-collector amplifier has high input resistance and high current gain, but its voltage 


gain is approximately 1. 


® A Darlington pair provides beta multiplication for increased input resistance. 
® Acommon-collector amplifier is known as an emitter-follower. 


® The common-base amplifier has a high voltage gain, but it has a very low input resistance and 


its current gain is approximately 1. 


® Common-emitter, common-collector, and common-base amplifier configurations are summa- 


rized in Table 6—4. 


aa CC CB <4 TABLE 6-4 
; ; Relative comparison of amplifier 
Elias La eu configurations. The current gains 
Re/re = Re/re and the input and output resistances 
High High Low are the approximate maximum 
Biz Br =| achievable values, with the bias resis- 
tors neglected. 
Very high High High 
AiAy =A; =A, 
Low High Very low 
Bacle BacRg te 
High Very low High 


Rc (R;/ Bac) | Rg Rc 
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Section 6-6 


Section 6—7 


KEY TERMS 


KEY FORMULAS 


® The total gain of a multistage amplifier is the product of the individual gains (sum of dB gains). 


® Single-stage amplifiers can be connected in sequence with capacitively-coupling and direct 
coupling methods to form multistage amplifiers. 


® A differential input voltage appears between the inverting and noninverting inputs of a differen- 
tial amplifier. 

In the differential mode, a diff-amp can be operated with single-ended or double-ended inputs. 
In single-ended operation, there is a signal on one input and the other input is grounded. 


In double-ended operation, two signals that are 180° out of phase are on the inputs. 


¢-¢¢ ¢ 


Common-mode occurs when equal in-phase voltages are applied to both input terminals. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


ac ground A point in a circuit that appears as ground to ac signals only. 
Attenuation The reduction in the level of power, current, or voltage. 
Bypass capacitor A capacitor placed across the emitter resistor of an amplifier. 


CMRR (common-mode rejection ratio) | A measure of a differential amplifier’s ability to reject 
common-mode signals. 


Common-base (CB) A BJT amplifier configuration in which the base is the common terminal to 
an ac signal or ground. 


Common-collector (CC) A BJT amplifier configuration in which the collector is the common ter- 
minal to an ac signal or ground. 


Common-emitter (CE) A BJT amplifier configuration in which the emitter is the common termi- 
nal to an ac signal or ground. 


Common mode _ A condition where two signals applied to differential inputs are of the same phase, 
frequency, and amplitude. 


Decibel A logarithmic measure of the ratio of one voltage to another or one power to another. 


Differential amplifier An amplifier in which the output is a function of the difference between 
two input voltages. 


Emitter-follower A popular term for a common-collector amplifier. 
Input resistance The resistance seen by an ac source connected to the input of an amplifier. 
Output resistance The ac resistance looking in at the output of an amplifier. 


rparameter One of a set of BJT characteristic parameters that include ag,, Bac, és Th, and rt. 


25mV 
Tr 


6-1 r, = Internal ac emitter resistance 


Common-Emitter 


6-2 Rinibase) = R1|| R2 || Rinwase) Total amplifier input resistance, voltage-divider bias 
6-3 Rinbase) = Bacte Input resistance at base 
6-4 Rou = Rc Output resistance 

R 
6-5 A, = —< Voltage gain, base-to-collector, unloaded 

le 

Rc ae 

6-6 Ay = Voltage gain without bypass capacitor 

le + Re 

R. ; 
6-7 A, =— Voltage gain, base-to-collector, loaded, bypassed Rg 


_TRUE/FALSE QUIZ 


Rc 
6-8 A, = — 
"Ret 
6-9 Rin(base) = Baclre + Rr) 
I, 
6-10 A; 


ar 3 
6-11 A, = ASA; 


Common-Collector (Emitter-Follower) 
6-12 A, =1 
6-13 Rinibase) = BacR 


° 


6-14 Rout = 


Bac 

[, 
6-15 Aj = 

in 
6-16 Ap =A; 
6-17 Rin = BaciPac2okE 
Common-Base 

R, 
6-18 A, = — 

Te 


6-19 Rin (emitter) ear - 
6-20 Rou = Rc 
6-21 A,;=1 


6-22 A, =A, 


Multistage Amplifier 


6-23 Aj = Ayy Ay2 Ay3- . Ayn 
6-24 AyaB) = 20 log A, 


Differential Amplifier 


6-25 CMRR 


6-26 CMRR 


Il 
NN 
J 
pa 
i-) 
i} 
Pai 
ars 
S |S 
jy 


TRUE/FALSE Quiz 


Voltage gain, swamped amplifier 
Input resistance at base, swamped amplifier 
Current gain, input source to collector 


Power gain 


Voltage gain, base-to-emitter 


Input resistance at base, loaded 


Output resistance 


Current gain 


Power gain 


Input resistance, Darlington pair 


Voltage gain, emitter-to-collector 


Input resistance at emitter 
Output resistance 
Current gain 


Power gain 


Overall voltage gain 


Voltage gain expressed in dB 


Common-mode rejection ratio 


Common mode rejection ratio in dB 


Answers can be found at www.pearsonhighered.com/floyd. 


1. In an amplifier, a coupling capacitor should appear ideally as a short to the signal. 


. r parameters include B,,.and r}. 


rntnn Bw YN 


. fh parameters are never specified on a datasheet. 

. The r parameter B,, is the same as the A parameter hy. 

A bypass capacitor in a CE amplifier decreases the voltage gain. 

. If Rc ina CE amplifier is increased, the voltage gain is reduced. 

. The load is the amount of current drawn from the output of an amplifier. 


. Ina CE amplifier, the gain can be stabilized by using a swamping resistor. 


5 
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9. An emitter-follower is a CC amplifier. 
10. A CC amplifier has high voltage gain. 
11. A Darlington pair consists essentially of two CC amplifiers. 
12. A CB amplifier has high current gain. 
13. The overall voltage gain of a multistage amplifier is the product of the gains of each stage. 
14. A differential amplifier amplifies the difference of two input signals. 


15. CMRR is the common-mode resistance ratio. 


_CIRCUIT-ACTI ON QUIZ Answers can be found at www.pearsonhighered.com/floyd. 


1. If the transistor in Figure 6-8 is exchanged for one with higher betas, V,,,, will 
(a) increase (b) decrease (c) not change 

2. If C, is removed from the circuit in Figure 6-8, V,,,,, will 
(a) increase (b) decrease (c) not change 

3. If the value of Rc in Figure 6-8 is increased, V,,,,, will 
(a) increase (b) decrease (c) not change 

4. If the amplitude of V;,, in Figure 6-8 is decreased, V,,,; will 
(a) increase (b) decrease (c) not change 

5. If C, in Figure 6—27 is shorted, the average value of the output voltage will 
(a) increase (b) decrease (c) not change 

6. If the value of Rg in Figure 6—27 is increased, the voltage gain will 
(a) increase (b) decrease (c) not change 

7. If the value of C in Figure 6—27 is increased, V,,,; will 
(a) increase (b) decrease (c) not change 

8. If the value of Rc in Figure 6-32 is increased, the current gain will 
(a) increase (b) decrease (c) not change 

9. If Cy and Cy, in Figure 6-34 are increased in value, V,,,,, will 
(a) increase (b) decrease (c) not change 

10. If the value of Ry in Figure 6—34 is reduced, the overall voltage gain will 


(a) increase (b) decrease (c) not change 


SELF -TEST Answers can be found at www.pearsonhighered.com/floyd. 


Section 6-1 1. A small-signal amplifier 
(a) uses only a small portion of its load line 
(b) always has an output signal in the mV range 
(c) goes into saturation once on each input cycle 
(d) is always a common-emitter amplifier 
Section 6-2 2. The parameter hj corresponds to 
(a) Boc (b) Bac () % (d) 
3. If the de emitter current in a certain transistor amplifier is 3 mA, the approximate value of r? is 
(a) 3kO (b) 30 (c) 8.33.0 (d) 0.33 kO, 


Section 6-3 4. A certain common-emitter amplifier has a voltage gain of 100. If the emitter bypass capacitor 
is removed, 


(a) the circuit will become unstable (b) the voltage gain will decrease 


(c) the voltage gain will increase (d) the Q-point will shift 


Section 6—4 


Section 6—5 


Section 6—6 


Section 6—7 


SELF-TEST ® 327 


. For acommon-emitter amplifier, Rc = 1.0kQ, Rpg = 3900, 7, = 15 0, and B,. = 75. 


Assuming that Rp is completely bypassed at the operating frequency, the voltage gain is 
(a) 66.7 (b) 2.56 (c) 2.47 (d) 75 


. In the circuit of Question 5, if the frequency is reduced to the point where X¢(pypass) = Rp, the 


voltage gain 


(a) remains the same (b) is less (c) is greater 


. Inacommon-emitter amplifier with voltage-divider bias, Ringgase) = 68kO,R; = 33 kQ, 


and Ry = 15kQ. The total ac input resistance is 


(a) 68 kO, (b) 8.95 kO, (c) 22.2kQ = (d) 12.3 kO, 

8. A CE amplifier is driving a 10k, load. If Re = 2.2kO, andrZ = 10 O, the voltage gain is 
approximately 
(a) 220 (b) 1000 (c) 10 (d) 180 

9, For acommon-collector amplifier, Rp = 100 0,7, = 100, and B,,. = 150. The ac input 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


resistance at the base is 
(a) 1500 0 (b) 15k (ec) 1100 (d) 16.5kQ 


If a 10 mV signal is applied to the base of the emitter-follower circuit in Question 9, the output 
signal is approximately 


(a) 100 mV (b) 150 mV (c) 1.5V (d) 10 mV 

In a certain emitter-follower circuit, the current gain is 50. The power gain is approximately 
(a) 50A, (b) 50 (c) 1 (d) answers (a) and (b) 

In a Darlington pair configuration, each transistor has an ac beta of 125. If Rg is 560 Q, the 


input resistance is 

(a) 5600, (b) 70kO (c) 8.75MQ (d) 140k0, 
The input resistance of a common-base amplifier is 

(a) very low (b) very high 

(c) the same as a CE (d) the same as a CC 

Each stage of a four-stage amplifier has a voltage gain of 15. The overall voltage gain is 
(a) 60 (b) 15 (c) 50,625 (d) 3078 
The overall gain found in Question 14 can be expressed in decibels as 
(a) 94.1 dB (b) 47.0 dB (c) 35.6 dB (d) 69.8 dB 
A differential amplifier 

(a) is used in op-amps (b) has one input and one output 

(c) has two outputs (d) answers (a) and (c) 

When a differential amplifier is operated single-ended, 

(a) the output is grounded 

(b) one input is grounded and a signal is applied to the other 

(c) both inputs are connected together 

(d) the output is not inverted 

In the double-ended differential mode, 

(a) opposite polarity signals are applied to the inputs 

(b) the gain is 1 

(c) the outputs are different amplitudes 

(d) only one supply voltage is used 

In the common mode, 

(a) both inputs are grounded 

(b) the outputs are connected together 

(c) an identical signal appears on both inputs 


(d) the output signals are in-phase 
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Amplifier Operation 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


1. What is the lowest value of de collector current to which a transistor having the characteristic 
curves in Figure 6—4 can be biased and still retain linear operation with a peak-to-peak base 


current swing of 20 nA? 


2. What is the highest value of Jc under the conditions described in Problem 1? 


Transistor AC Models 


3. If the de emitter current in a transistor is 3 mA, what is the value of r/? 


4. If the hy of a transistor is specified as 200, determine B,,. 


5. A certain transistor has a dc beta (pg) of 130. If the dc base current is 10 wA, determine 
Te apc — 0.99. 


6. At the dc bias point of a certain transistor circuit, Jg = 15 wA and Jc = 2mA. Also, a varia- 
tion in /g of 3 4A about the Q-point produces a variation in Jc of 0.35 mA about the Q-point. 


Determine Bpc and By. 


The Common-Emitter Amplifier 


7. Draw the dc equivalent circuit and the ac equivalent circuit for the unloaded amplifier in Figure 


8. Determine the following dc values for the amplifier in Figure 6-51. 
(d) Ic 


(c) Jp 


(e) Ve 


9. Calculate the quiescent power dissipation in Figure 6-51. 


10. Determine the following values for the amplifier in Figure 6-51. 


(a) Rinbase) 


(b) Rinctot) 


(c) A, 


11. Connect a bypass capacitor across Rg in Figure 6-51, and repeat Problem 10. 


12. Connect a 10 k© load resistor to the output in Figure 6-51, and repeat Problem 11. 


13. Determine the following dc values for the amplifier in Figure 6-52. 


PROBLEMS 
Section 6-1 
Section 6-2 
Section 6-3 
6-51. 
(a) Vp 
(a) lg 
Vee 
+15 V 
(e) 
a 
Re 
R, 22K0 © 


Ry RE 


i 4.7kO, 1.0kO 


A FIGURE 6-51 


Multisim file circuits are identified with a logo and 
are in the Problems folder on the companion 
website. Filenames correspond to figure numbers 
(e.g., FO6-51). 


(c) Vp (d) Ic (e) Vo 
Vec 
+18 V 
° 
a | 
255 
R, 3.3kO 
47kO, 
Cc; 
Vin ° ‘I e &) 
10 uF 
Ry 
12kO 1.0kO0 


A FIGURE 6-52 


(f) Vor 


Ry 
10kO 


Section 6—4 
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14. Determine the following ac values for the amplifier in Figure 6-52. 
(a) Rin(base) (b) Rin (c) A, (d) A; (e) Ap 

15. Assume that a 600 0, 12 ~V rms voltage source is driving the amplifier in Figure 6-52. 
Determine the overall voltage gain by taking into account the attenuation in the base circuit, 


and find the total output voltage (ac and dc). What is the phase relationship of the collector 
signal voltage to the base signal voltage? 


16. The amplifier in Figure 6-53 has a variable gain control, using a 100 © potentiometer for Rg 


with the wiper ac-grounded. As the potentiometer is adjusted, more or less of Rg is bypassed to 


ground, thus varying the gain. The total Rp remains constant to dc, keeping the bias fixed. 
Determine the maximum and minimum gains for this unloaded amplifier. 


17. Ifa load resistance of 600 © is placed on the output of the amplifier in Figure 6-53, what are 
the maximum and minimum gains? 


18. Find the overall maximum voltage gain for the amplifier in Figure 6-53 with a 1.0 kQ load if it 


is being driven by a 300 kQ, source. 


> FIGURE 6-53 Ve 
+8 V 
(e) 
Re 
R, 3309 © 
12kO, Vout 
C1 10 uF 
u 
Vinio—J 
10 WF Boc = Bae = 150 


19. Modify the schematic to show how you would “swamp out” the temperature effects of r) in 
Figure 6-52 by making R, at least ten times larger than ri. Keep the same total Rp. How does 
this affect the voltage gain? 


The Common-Collector Amplifier 

20. Determine the exact voltage gain for the unloaded emitter-follower in Figure 6-54. 

21. What is the total input resistance in Figure 6—54? What is the dc output voltage? 

22. A load resistance is capacitively coupled to the emitter in Figure 6—54. In terms of signal 
operation, the load appears in parallel with Rg and reduces the effective emitter resistance. 
How does this affect the voltage gain? 


> FIGURE 6-54 es 


+5.5 V 
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23. In Problem 22, what value of R, will cause the voltage gain to drop to 0.9? 
24. For the circuit in Figure 6-55, determine the following: 

(a) Q, and Q> dc terminal voltages 

(b) overall Bac 

(c) r, for each transistor 

(d) total input resistance 


25. Find the overall current gain A; in Figure 6-55. 


» FIGURE 6-55 


Voc 
+10 V 
Ry ° 
AW ° 
C 33 kO 
Vin Boc = Bact = 150 
1 Vrms 7 } 2 Boc2 = Bacz = 100 
10 uF O 
2 
Ry 
22kO 
o——_© Mod 
RE 
1.5kO 


Section6—5 The Common-Base Amplifier 


26. What is the main disadvantage of the common-base amplifier compared to the common-emitter 
and the emitter-follower amplifiers? 


27. Find Rin(emitter)» Ay, Ai, and A, for the unloaded amplifier in Figure 6-56. 

28. Match the following generalized characteristics with the appropriate amplifier configuration. 
(a) Unity current gain, high voltage gain, very low input resistance 
(b) High current gain, high voltage gain, low input resistance 


(c) High current gain, unity voltage gain, high input resistance 


» FIGURE 6-56 


Section6-6 Multistage Amplifiers 


29. Each of two cascaded amplifier stages has an A, = 20. What is the overall gain? 


30. Each of three cascaded amplifier stages has a dB voltage gain of 10 dB. What is the overall 
voltage gain in dB? What is the actual overall voltage gain? 


PROBLEMS @ 331 


31. For the two-stage, capacitively coupled amplifier in Figure 6—57, find the following values: 
(a) voltage gain of each stage 
(b) overall voltage gain 
(c) Express the gains found in (a) and (b) in dB. 


32. If the multistage amplifier in Figure 6-57 is driven by a 75 ©, 50 V source and the second 
stage is loaded with an R, = 18 kQ,, determine 


(a) voltage gain of each stage 
(b) overall voltage gain 


(c) Express the gains found in (a) and (b) in dB. 


=% WG; 
1.0kO | ~100 uF 


Bac = Bpoc =175 


it A FIGURE 6-57 


33. Figure 6-58 shows a direct-coupled (that is, with no coupling capacitors between stages) 
two-stage amplifier. The dc bias of the first stage sets the dc bias of the second. Determine all 
dc voltages for both stages and the overall ac voltage gain. 


Vec=+12V 
R R; Rs 
100 kQ. 22kO, 10kO 
¢—o/,,,,; 
Vin +) Q) Q 


A FIGURE 6-58 


34. Express the following voltage gains in dB: 


(a) 12 (b) 50 (c) 100 (d) 2500 
35. Express the following voltage gains in dB as standard voltage gains: 
(a) 3 dB (b) 6 dB (c) 10 dB (d) 20 dB (e) 40 dB 


Section6—7 The Differential Amplifier 


36. The dc base voltages in Figure 6-59 are zero. Using your knowledge of transistor analysis, 
determine the de differential output voltage. Assume that Q; has an a = 0.980 and Q> has an 
a = 0.975. 
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» FIGURE 6-59 


37. Identify the quantity being measured by each meter in Figure 6—60. 


» FIGURE 6-60 


38. A differential amplifier stage has collector resistors of 5.1 kO, each. If 
Icy = 1.35 mA and Jgy = 1.29 mA, what is the differential output voltage? 


39. Identify the type of input and output configuration for each basic differential amplifier in 
Figure 6-61. 


(b) (d) 


A FIGURE 6-61 


Section 6-8 Troubleshooting 


40. Assume that the coupling capacitor C3 is shorted in Figure 6-34. What dc voltage will appear 
at the collector of Q;? 


41. Assume that Rs opens in Figure 6-34. Will Q> be in cutoff or in conduction? What dc voltage 
will you observe at the Q> collector? 


» FIGURE 6-62 


42. 


43. 
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Refer to Figure 6-57 and determine the general effect of each of the following failures: 
(a) C> open 

(b) C3 open 

(c) C4 open 

(d) C> shorted 

(e) base-collector junction of Q; open 

(f) base-emitter junction of Q, open 


Assume that you must troubleshoot the amplifier in Figure 6-57. Set up a table of test point 
values, input, output, and all transistor terminals that include both dc and rms values that you 
expect to observe when a 300 © test signal source with a 25 ~V rms output is used. 


APPLICATION ACTIVITY PROBLEMS 


44. 


Refer to the public address system block diagram in Figure 6-46. You are asked to repair a sys- 
tem that is not working. After a preliminary check, you find that there is no output signal from the 
power amplifier or from the preamplifier. Based on this check and assuming that only one of the 
blocks is faulty, which block can you eliminate as the faulty one? What would you check next? 


45. What effect would each of the following faults in the amplifier of Figure 6—62 have on the out- 
put signal? 
(a) Open C; (b) Open C, (c) Open C3 (d) Open C4 
(e) Q, collector internally open (f) Q> emitter shorted to ground 
Voc 
+15 V 
° 
° ° 
$ R; Cy 
33 kO 10 uF Rg 
R, Re 6.8 kO C 
330 kO Ry 47k, ? 
on 1.0 kO C3 ~——_ Vout 
Vin © iI ® &) 21 Q 10\pF 
2N3906 | (EC ) 2N3904 
10 uF 10 WF 
Ro 
Ry R; 130.0 
330 kO, Rs 22 kO 
22kO Rio = 
ska LLG 
100 uF 
° 
Veg 
-15 V 
46. Suppose a 220 OQ resistor is incorrectly installed in the R7 position of the amplifier in Figure 
6-62. What effect does this have on the circuit? 
47. The connection from R, to the supply voltage V; in Figure 6-62 has opened. 
(a) What happens to Q;? 
(b) What is the de voltage at the Q, collector? 
(c) What is the de voltage at the Q> collector? 
DATASHEET PROBLEMS 
48. Refer to the 2N3946/2N3947 partial datasheet in Figure 6—63 on page 334. Determine the 
minimum value for each of the following r parameters: 
(a) Bac (b) r (©) % 
49. Repeat Problem 48 for maximum values. 
50. Should you use a 2N3946 or a 2N3947 transistor in a certain application if the criteria is maxi- 


mum current gain? 


334 


Sa 


BJT AMPLIFIERS 


Electrical Characteristics (7, = 25°C unless otherwise noted.) 


Characteristic Symbol Min Max Unit 
Input capacitance Cino - 8.0 pF 
(Vez = 1.0 V de, I, = 0, f= 1.0 MHz) 
Input impedance hi. kohms 
(Ug = 1.0 mA, Veg = 10 V, f= 1.0 kHz) 2N3946 0.5 6.0 
2N3947 2.0 12 
Voltage feedback ratio lye x 10-4 
(Ug = 1.0 mA, Vog = 10 V, f= 1.0 kHz) 2N3946 - 10 
2N3947 - 20 
Small-signal current gain Nye - 
(Uc = 1.0 mA, Vog = 10 V, f= 1.0 kHz) 2N3946 50 250 
2N3947 100 700 
Output admittance Nye jumhos 
(Ug = 1.0 mA, Vog = 10 V, f= 1.0 kHz) 2N3946 1.0 30 
2N3947 5.0 50 
Collector base time constant rb’C,, = 200 ps 
(Ug = 10 mA, Vog = 20 V, f= 31.8 MHz) 
Noise figure NF - 5.0 dB 
Uc = 100 WA, Vog = 5.0 V, Rg = 1.0 kO, 
f= 1.0 kHz) 
Switching Characteristics 
Delay time Voc = 3.0 V de, Vog = 0.5 V de, ty - 35 ns 
Rise time Io = 10 mA de, Jp; = 1.0mA t, = 35 ns 
Storage time Voc = 3.0 V, Ic = 10 mA, 2N3946 t, - 300 ns 
2N3947 : - 375 
Fall time Ip, = [pz = 1-0 mA de tp - 75 ns 


(1) Pulse test: PW < 300 ws, Duty Cycle < 2%. 


A FIGURE 6-63 


Partial datasheet for the 2N3946/2N3947. 


ADVANCED PROBLEMS 


51. 


52. 
53. 


54. 


55. 


56 
57 


by 


. 


58, 


° 


59 


. 


In an amplifier such as the one in Figure 6—62, explain the general effect that a leaky coupling 
capacitor would have on circuit performance. 


Draw the de and ac equivalent circuits for the amplifier in Figure 6—62. 


Modify the 2-stage amplifier in Figure 6—62 to drive a load of 10 kQ and maintain the same 
voltage gain. 

Design a single-stage common-emitter amplifier with a voltage gain of 40 dB that operates 
from a dc supply voltage of +12 V. Use a 2N2222 transistor, voltage-divider bias, and a 330 0 
swamping resistor. The maximum input signal is 25 mV rms. 


Design an emitter-follower with a minimum input resistance of 50kQ. using a 2N3904 npn 
transistor with a Bg. = 100. 
Repeat Problem 55 using a 2N3906 with a B,,. = 100. 


Design a single-stage common-base amplifier for a voltage gain of 75. Use a 2N3904 with 
emitter bias. The de supply voltages are to be +6 V. 


Refer to the amplifier in Figure 6—62 and determine the minimum value of coupling capacitors 
necessary for the amplifier to produce the same output voltage at 100 Hz that it does at 5000 Hz. 


Prove that for any unloaded common-emitter amplifier with a collector resistor Rc and Rg by- 
passed, the voltage gain is A, = 40 Va. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the companion website. 


60. 
61. 
62. 
63. 
64. 
65. 


Open file TSP06-60 and determine the fault. 
Open file TSP06-61 and determine the fault. 
Open file TSP06-62 and determine the fault. 
Open file TSP06-63 and determine the fault. 
Open file TSP06-64 and determine the fault. 
Open file TSP06-65 and determine the fault. 
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GreenTech Application 6: Wind Power 


Vertical-Axis Turbines 


In GreenTech Application 5, you learned about the horizontal-axis wind turbine (HAWT). 
Now, a second major type, the vertical-axis wind turbine (VAWT) is introduced. In a VAWT, 
the main rotor shaft is vertical instead of horizontal. An advantage of the VAWT is that the 
generator, gears, and electronics can be placed near or at ground level instead of high on top 
of the support tower as in a HAWT. This makes servicing much easier. Another advantage is 
that a VAWT does not have to be pointed toward the wind, eliminating the need for yaw 
mechanisms and circuits. It can capture wind from any direction. Also, VAWTs can be 
placed closer together in wind farms than HAWTs because HAWTs exhibit a slowing effect 
on the wind and VAWTs do not. Therefore, there is a limit on how close HAWTs can be to 
each other. At this time, the horizontal turbine is much more widely used than the vertical 
turbine. However, as improvements are made, the VAWT may become more competitive. 


Darrieus or Eggbeater Turbine Figure GA6—1 shows one type of VAWT called a 
Darrieus, named after its inventer, but is more commonly known as an “eggbeater’ turbine. 


Brake |--§— 7 Sensor 
3-phase 
AC 3-phase ; 60 Hz ac to 
generator inverter grid step-up 
transformer 


Control electronics 


A FIGURE GA6-1 


Diagram of a Darrieus or “eggbeater” VAWT. The size of the blade assembly is disproportionately 
small compared to the base, for the purpose of showing the block diagram. 
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VAWTSs are difficult to mount on tall towers, so they are usually closer to the ground, thus 
requiring less support structure than HAWTs. Since the wind speed tends to be less at 
lower altitudes, the wind energy available is less than for a comparable-sized HAWT. Also, 
air flow near the ground is usually more turbulent causing more stress on the turbine. 
Notice that the block diagram is similar to that of the HAWT but is usually a bit simpler in 
terms of the control electronics. Since there is no requirement for yawing the turbine to 
move it into the wind, the electronics may simply detect the rotational speed of the shaft 
and slow or stop the blades when the wind speed reaches a specified level. 


In practice, the Darrieus VAWT is typically less efficient than the propeller-driven HAWT 
because it does not handle variations in wind speed as effectively. Also, it is more diffi- 
cult to protect the Darrieus from excessive wind speeds without completely shutting it 
down. It also has a lower starting torque and does not self-start very well, so an auxiliary 
starting motor may be required. 


Giromill Turbine This turbine is a subtype of the Darrieus. Instead of curved blades, the 
giromill uses two or more straight airfoils (blades). A three-blade unit is shown in Figure 
GA6-2. Although it is cheaper and easier to build than a standard Darrieus turbine, it is 
less efficient, requires strong winds or a motor to start, and often cannot maintain a steady 
rate of rotation. A variation of this type of turbine has variable pitch airfoils for improve- 
ment of starting torque and reduction in torque pulsation due to uneven rotation rate. 


-@ FIGURE GA6-2 


A giromill turbine. 


RS 


Savonius Turbines This is one of the simplest turbines but the least efficient. 
Aerodynamically, Savonius turbines are drag-type turbines because, as they rotate, the 
scoops have to move air out of the way whereas blade-type turbines work on the principle 
of aerodynamic lift. One form of a two-scoop turbine is shown in Figure GA6—3; some- 
times three or more scoops are used. The Savonius turbine is generally limited to small 
power applications. In the figure, the rotation is clockwise with the wind direction as 
shown. 


mn 
ae 


Side view Top view 


A FIGURE GA6-3 


A form of Savonius VAWT. 
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Helical Wind Turbines Another variation of the Darrieus, the helical VAWT, has blades 
that are shaped in a twisted helical pattern. Some advantages are that the helical turbine 
tends to rotate more quietly that other types of blade turbines. Also, the helical turbine 
can withstand much higher wind speeds than other turbines and can begin rotation at 
much lower wind speeds than other types of VAWTs. A photo of one type of helical con- 
figuration is shown in Figure GA6—4(a). Other forms of helix turbines are also used, as 
shown in part (b). 


(a) 


A FIGURE GA6-4 


Two types of helical turbine. 
A typical power curve for a typical helical turbine is shown in Figure GA6—S. Most wind tur- 


bines exhibit a similar-shaped power curve. Notice that the shape in the figure is very similar 
to that for the HAWT although the variable values are different for the lower power VAWT. 


Power (kW) 
A 
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A FIGURE GA6-5 


Power curve for helical wind turbine. 
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Questions 


Some questions may require research beyond the content of this coverage. Answers can 
be found at www.pearsonhighered.com/floyd. 


1. What does VAWT stand for? 

2. What are the basic types of VAWT? 

3. What are some advantages and disadvantages when comparing HAWTs and 
VAWTs? 


4. What type of wind turbine would you select to power a small home? Why? 


The following websites are recommended for viewing VAWTs in action. Many other 
websites are also available. 


DARRIEUS 
http://www.youtube.com/watch?v=NxMh18SGhyA 
http://www.youtube.com/watch?v=Op2LtTKOx74 
GIROMILL 


http://www.youtube.com/watch?v=PSdU0SOdHdY 
http://www. youtube.com/watch?v=TsCyzSxI3fc&NR=1 
http://www.youtube.com/watch?v=-rQUdRMTnyM&feature=related 


SAVONIUS 


http://www. youtube.com/watch?v=HylhATL_Sek&feature=related 
http://www. youtube.com/watch?v=-IWgXmgQlAg 
http://www.youtube.com/watch?v=NMnZn6p1 VLs 


HELICAL 


http://myefficientplanet.com/68 1/vertical-axis-wind-turbine-helix-lift-type-vawt/ 
http://www.gstriatum.com/solarenergy/2009/0 1/helix-wind-turbine-another-for-your-home/ 
http://www. youtube.com/watch?v=UruwjajWmXw 

http://www. youtube.com/watch?v=sOagiPQ79Go&feature=related 
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CHAPTER OUTLINE 


7-1 The Class A Power Amplifier 
7-2 The Class B and Class AB Push-Pull Amplifiers 
7-3 The Class C Amplifier 
7-4 Troubleshooting 
Application Activity 


CHAPTER OBJECTIVES _ 


¢ Explain and analyze the operation of class A amplifiers 

¢ Explain and analyze the operation of class B and class AB 
amplifiers 

@ Explain and analyze the operation of class C amplifiers 

@ Troubleshoot power amplifiers 


KEY TERMS 


@ Class A ¢@ Push-pull 
@ Power gain @ Class AB 
Efficiency @ Class C 
Class B 


\ — 


APPLICATION ACTIVITY PREVIEW 


The Application Activity in this chapter continues with the 
public address system started in Chapter 6. Recall that the 
complete system includes the preamplifier, a power ampli- 
fier, and a dc power supply. You will focus on the power 
amplifier in this chapter and complete the total system by 
combining the three component parts. 


VISIT THE COMPANION WEBSITE 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


INTRODUCTION 
Power amplifiers are large-signal amplifiers. This generally 
means that a much larger portion of the load line is used 
during signal operation than in a small-signal amplifier. In 
this chapter, we will cover four classes of power amplifiers: 
class A, class B, class AB, and class C. These amplifier classi- 
fications are based on the percentage of the input cycle for 
which the amplifier operates in its linear region. Each class 
has a unique circuit configuration because of the way it must 
be operated. The emphasis is on power amplification. 
Power amplifiers are normally used as the final stage of a 
communications receiver or transmitter to provide signal 
power to speakers or to a transmitting antenna. BJTs are 
used to illustrate power amplifier principles. 


ly MAA MM Gt ee 
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7-1 THE CLass A POWER AMPLIFIER 


» FIGURE 7-1 


Basic class A amplifier operation. 
Output is shown 180° out of phase 
with the input (inverted). 


When an amplifier is biased such that it always operates in the linear region where the 
output signal is an amplified replica of the input signal, it is a class A amplifier. The 
discussion of amplifiers in the previous chapters apply to class A operation. Power ampli- 
fiers are those amplifiers that have the objective of delivering power to a load. This means 
that components must be considered in terms of their ability to dissipate heat. 


After completing this section, you should be able to 


a Explain and analyze the operation of class A amplifiers 
4 Discuss transistor heat dissipation 
¢ Describe the purpose of a heat sink 
4 Discuss the importance of a centered Q-point 
¢ Describe the relationship of the de and ac load lines with the Q-point 
¢ Describe the effects of a noncentered Q-point on the output waveform 
4 Determine power gain 
4 Define dc quiescent power 
4 Discuss and determine output signal power 
4 Define and determine the efficiency of a power amplifier 


In a small-signal amplifier, the ac signal moves over a small percentage of the total ac 
load line. When the output signal is larger and approaches the limits of the ac load line, the 
amplifier is a large-signal type. Both large-signal and small-signal amplifiers are consid- 
ered to be class A if they operate in the linear region at all times, as illustrated in Figure 7-1. 
Class A power amplifiers are large-signal amplifiers with the objective of providing power 
(rather than voltage) to a load. As a rule of thumb, an amplifier may be considered to be a 
power amplifier if it is rated for more than 1 W and it is necessary to consider the problem 
of heat dissipation in components. 


¥; Vout 
° 


Heat Dissipation 


Power transistors (and other power devices) must dissipate a large amount of internally 
generated heat. For BJT power transistors, the collector terminal is the critical junction; for 
this reason, the transistor’s case is always connected to the collector terminal. The case of 
all power transistors is designed to provide a large contact area between it and an external 
heat sink. Heat from the transistor flows through the case to the heat sink and then dissi- 
pates in the surrounding air. Heat sinks vary in size, number of fins, and type of material. 
Their size depends on the heat dissipation requirement and the maximum ambient temper- 
ature in which the transistor is to operate. In high-power applications (a few hundred 
watts), a cooling fan may be necessary. 


Centered Q-Point 


Recall that the de and ac load lines intersect at the Q-point. When the Q-point is at the cen- 
ter of the ac load line, a maximum class A signal can be obtained. You can see this concept 
by examining the graph of the load line for a given amplifier in Figure 7—2(a). This graph 
shows the ac load line with the Q-point at its center. The collector current can vary from its 
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I 


c(sat) ~~ 


AC load line 


AC load line 


> Vcr 


I 
I 
DC load line 
i 
I 
I 


| 
VoErQ Vece(cutoff) 


0 Vora Vee(cutoff) Vee 
(a) (b) 


A FIGURE 7-2 


Maximum class A output occurs when the Q-point is centered on the ac load line. 


Q-point value, /cg, up to its saturation value, J,;sq7), and down to its cutoff value of zero. 
Likewise, the collector-to-emitter voltage can swing from its Q-point value, VcgQ, up to its 
cutoff value, Vee(curof), and down to its saturation value of near zero. This operation is in- 
dicated in Figure 7—2(b). The peak value of the collector current equals Jcg, and the peak 
value of the collector-to-emitter voltage equals Vcgq in this case. This signal is the maxi- 
mum that can be obtained from the class A amplifier. Actually, the output cannot quite 
reach saturation or cutoff, so the practical maximum is slightly less. 

If the Q-point is not centered on the ac load line, the output signal is limited. Figure 7—3 
shows an ac load line with the Q-point moved away from center toward cutoff. The output 
variation is limited by cutoff in this case. The collector current can only swing down to near 
zero and an equal amount above /cg. The collector-to-emitter voltage can only swing up to its 


Io Io 
A A 


Icq 


0) al Vcr 0 | > Veg 


Clipped Clipped 
at cutoff at cutoff 
i | 


0 VcEQ Vee(cutoff) 0 Vora Vee(cutoff) 


(a) Amplitude of V,, and /, limited by cutoff (b) Transistor driven into cutoff by a further 
increase in input amplitude 


A FIGURE 7-3 


Q-point closer to cutoff. 
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> FIGURE 7-4 


Q-point closer to saturation. 


Equation 7-1 


cutoff value and an equal amount below Vcgg. This situation is illustrated in Figure 7—3(a). If 
the amplifier is driven any further than this, it will “clip” at cutoff, as shown in Figure 7—3(b). 

Figure 7—4 shows an ac load line with the Q-point moved away from center toward sat- 
uration. In this case, the output variation is limited by saturation. The collector current can 
only swing up to near saturation and an equal amount below Jcg. The collector-to-emitter 
voltage can only swing down to its saturation value and an equal amount above Vcgq. This 
situation is illustrated in Figure 7—4(a). If the amplifier is driven any further, it will “clip” 
at saturation, as shown in Figure 7—4(b). 


Clipped 


>VcE >VcE 
Clipped —> 
0 VcEQ 0 VcEQ 
(a) Amplitude of V,, and J, limited by saturation (b) Transistor driven into saturation by a further 


increase in input amplitude 


Power Gain 


A power amplifier delivers power to a load. The power gain of an amplifier is the ratio of 
the output power (power delivered to the load) to the input power. In general, power gain is 


A, = 5 
im 
where A, is the power gain, P; is signal power delivered to the load, and P;,, is signal power 
delivered to the amplifier. 

The power gain can be computed by any of several formulas, depending on what is 
known. Frequently, the easiest way to obtain power gain is from input resistance, load re- 
sistance, and voltage gain. To see how this is done, recall that power can be expressed in 
terms of voltage and resistance as 


v2 
P=— 
R 
For ac power, the voltage is expressed as rms. The output power delivered to the load is 
y2 
P | _* 
Ri 
The input power delivered to the amplifier is 
_Vin 
Pin = B 
in 


By substituting into Equation 7—1, the following useful relationship is produced: 


— VE (Rin 
Ao = TNR, 
Vin L 
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Since V,/Vj, =A), 
R: 
A, = ax( 2) Equation 7-2 
Ry 
Recall from Chapter 6 that for a voltage-divider biased amplifier, 
Rin(tot) = Ry | Ry | Rin(base) 
and that for a CE or CC amplifier, 
Rin(base) = BacRe 


Equation 7—2 shows that the power gain of an amplifier is the voltage gain squared 
times the ratio of the input resistance to the output load resistance. The formula can be 
applied to any amplifier. For example, assume a common-collector (CC) amplifier has an 
input resistance of 5 kQ and a load resistance of 100 ©. Since a CC amplifier has a voltage 
gain of approximately 1, the power gain is 


Ri 5kO 
A, = Ay ) = 1 )- 
e (Fe 10a) >” 


For a CC amplifier, A, is just the ratio of the input resistance to the output load resistance. 


DC Quiescent Power 


The power dissipation of a transistor with no signal input is the product of its Q-point cur- 
rent and voltage. 


Pp = TceVckQ Equation 7-3 


The only way a class A power amplifier can supply power to a load is to maintain a qui- 
escent current that is at least as large as the peak current requirement for the load current. 
A signal will not increase the power dissipated by the transistor but actually causes less 
total power to be dissipated. The de quiescent power, given in Equation 7-3, is the maxi- 
mum power that a class A amplifier must handle. The transistor’s power rating must exceed 
this value. 


Output Power 


In general, the output signal power is the product of the rms load current and the rms 
load voltage. The maximum unclipped ac signal occurs when the Q-point is centered on 
the ac load line. For a CE amplifier with a centered Q-point, the maximum peak voltage 
swing is 


Vecmax) — TogRe 


The rms value is 0.707 Vecnax): 
The maximum peak current swing is 


VcEQ 
I c(max) R 
fa 


The rms value is 0.7071 (max): 
To find the maximum signal power output, use the rms values of maximum current and 
voltage. The maximum power out from a class A amplifier is 


Pout(max) = (0.707I,.)(0.707V,.) 


Pouttmax) = 9.51 cQVcEQ Equation 7-4 
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EXAMPLE 7-1 Determine the voltage gain and the power gain of the class A power amplifier in 
Figure 7-5. Assume B,, = 200 for all transistors. 


Vec 
+12 V 
@) 


R, Rc 
56k S47kX Gy 


C 
it Vint 
1.0 uF 
V, es 
out 
50 mV pp 
1.0 kHz 


A FIGURE 7-5 


Solution Notice that the first stage (Q,) is a voltage-divider biased common-emitter with a 
swamping resistor (Rg 1). The second stage (Q> and Q3) is a Darlington voltage- 
follower configuration. The speaker is the load. 


First stage: The ac collector resistance of the first stage is Rc in parallel with the input 
resistance to the second stage. 
Rey = Re|| (R3 || Ra) = 4.7kO, | 5.6kO || 22kO = 2.29k0 


The voltage gain of the first stage is the ac collector resistance, R,, divided by the ac 
emitter resistance, which is the sum of Rp; + regi). The approximate value of réq1) 
is determined by first finding J/g. 


( Ra yy (Jo88 yey 1.82V 
Ri +R) “ \66kO 


VeeOV | 182V —0.7V 
a= = = 1.78mA 
25mV 25 mV 


"OQ O78 mA 


Vp 


m 


= 140 


Using the value of r2, determine the voltage gain of the first stage with the loading of 
the second stage taken into account. 
= Heeal ___ 2.29kO, 

Rp ate rel) 68 0 oF 140, 


Ay = 22) 
The negative sign is for inversion. 

The total input resistance of the first stage is equal to the bias resistors in parallel 
with the ac input resistance at the base of Q. 


Rintoy = Ri | Rol Baccon(Rei + recor) 
= 56k0 | 10kQ | 200(68 O + 140) = 84kO, 
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Second stage: The voltage gain of the darlington emitter-follower is approximately 
equal to 1. 


Ay. = 1 


Overall amplifier: The overall voltage gain is the product of the first and second stage 
voltage gains. Since the second stage has a gain of approximately 1, the overall gain is 
approximately equal to the gain of the first stage. 


Avia = Aviva = (S27) Sa 


Power gain: The power gain of the amplifier can be calculated using Equation 7-2. 


R; 8.4k0, 
2 in(tot)1 2 s 
A= Bees( a ) = (-27.9) ( am ) = 817,330 


Related Problem’ What happens to the power gain if a second 8 ©, speaker is connected in parallel with 
the first one? 


“Answers can be found at www.pearsonhighered.com/floyd. 


Efficiency 


The efficiency of any amplifier is the ratio of the output signal power supplied to a load to 
the total power from the de supply. The maximum output signal power that can be obtained 
is given by Equation 7—4. The average power supply current, Jcc, is equal to cg and the 
supply voltage is at least 2VcRQ. Therefore, the total de power is 


Poc = IecVec = 2lcaVcEQ 
The maximum efficiency, max, of a capacitively coupled class A amplifier is 


Pout _ 0.5IcgVcEQ _ 


0.25 


Nmax Poc 2IcaVcErQ 

The maximum efficiency of a capacitively coupled class A amplifier cannot be higher 
than 0.25, or 25%, and, in practice, is usually considerably less (about 10%). Although the 
efficiency can be made higher by transformer coupling the signal to the load, there are 
drawbacks to transformer coupling. These drawbacks include the size and cost of trans- 
formers as well as potential distortion problems when the transformer core begins to satu- 
rate. In general, the low efficiency of class A amplifiers limits their usefulness to small 
power applications that require usually less than 1 W. 


EXAMPLE 7-2 Determine the efficiency of the power amplifier in Figure 7-5 (Example 7-1). 


Solution The efficiency is the ratio of the signal power in the load to the power supplied by the 
de source. The input voltage is 50 mV peak-to-peak which is 35.4 mV rms. The input 
power is, therefore, 

Vz, (35.4mV) 


P, = —2 = = 149 nw 
Ee 7 8.4k0 


The output power is 


Pout = PinAp = (149 nW)(817,330) = 122 mW 
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Most of the power from the dc source is supplied to the output stage. The current in 
the output stage can be computed from the dc emitter voltage of Q3. 


By 22k0) 
VE(Q3) = 276kQ. 12V-14V=82V 
VeQ3) 8.2 V 


feos) = = = 0.25A 
cen Re) | O33 0 


Neglecting the other transistor and bias currents, which are very small, the total dc 
supply current is about 0.25 A. The power from the dc source is 


Ppc = IecVec a (0.25 A)U2 V) = 3W 
Therefore, the efficiency of the amplifier for this input is 


Pow — 122mW 
Poo 93. W 


= 0.04 


This represents an efficiency of 4% and illustrates why class A is not a good choice for 
a power amplifier. 


Related Problem Explain what happens to the efficiency if Rp3 were replaced with the speaker. What 
problem does this have? 


ose of a heat sink? 
d of a BJT is connected to the case? 

vo types of clipping with a class A power amplifier? 

ximum efficiency for a class A amplifier? 

e power gain of a CC amplifier be expressed in terms of a ratio of 
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When an amplifier is biased at cutoff so that it operates in the linear region for 180° of 
the input cycle and is in cutoff for 180°, it is a class B amplifier. Class AB amplifiers are 
biased to conduct for slightly more than 180°. The primary advantage of a class B or 
class AB amplifier over a class A amplifier is that either one is more efficient than a class 
A amplifier; you can get more output power for a given amount of input power. A disad- 
vantage of class B or class AB is that it is more difficult to implement the circuit in order 
to get a linear reproduction of the input waveform. The term push-pull refers to a com- 
mon type of class B or class AB amplifier circuit in which two transistors are used on al- 
ternating half-cycles to reproduce the input waveform at the output. 


After completing this section, you should be able to 


a Explain and analyze the operation of class B and class AB amplifiers 

4 Describe class B operation 
¢ Discuss Q-point location 

4 Describe class B push-pull operation 
¢ Discuss transformer coupling ¢ Explain complementary symmetry transistors 
¢ Explain crossover distortion 
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Class B Operation 


The class B operation is illustrated in Figure 7—6, where the output waveform is shown rel- 
ative to the input in terms of time (7). 


A FIGURE 7-6 


Basic class B amplifier operation (noninverting). 


The Q-Point Is at Cutoff The class B amplifier is biased at the cutoff point so that 
Teg = Oand Veg = Verccutort). It is brought out of cutoff and operates in its linear region 
when the input signal drives the transistor into conduction. This is illustrated in Figure 7—7 
with an emitter-follower circuit where the output is not a replica of the input. 


+ Voc 
fe) 


+0.7 V 


Transistor off 


A FIGURE 7-7 


Common-collector class B amplifier. 


Class B Push-Pull Operation 


As you can see, the circuit in Figure 7—7 only conducts for the positive half of the cycle. To 
amplify the entire cycle, it is necessary to add a second class B amplifier that operates on 
the negative half of the cycle. The combination of two class B amplifiers working together 
is called push-pull operation. 
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>» FIGURE 7-8 


Transformer-coupled push-pull 
amplifiers. Q, conducts during the 
positive half-cycle; Qj conducts 
during the negative half-cycle. The 
two halves are combined by the 
output transformer. 


in 


(a) During a positive half-cycle 


Q 
conducting 


OFF Q 
—{) 2 R, Vin @ conducting = R, 


There are two common approaches for using push-pull amplifiers to reproduce the 
entire waveform. The first approach uses transformer coupling. The second uses two 
complementary symmetry transistors; these are a matching pair of npn/pnp BJTs. 


Transformer Coupling Transformer coupling is illustrated in Figure 7-8. The input 
transformer has a center-tapped secondary that is connected to ground, producing phase in- 
version of one side with respect to the other. The input transformer thus converts the input 
signal to two out-of-phase signals for the transistors. Notice that both transistors are npn 
types. Because of the signal inversion, Q, will conduct on the positive part of the cycle and 
Q> will conduct on the negative part. The output transformer combines the signals by per- 
mitting current in both directions, even though one transistor is always cut off. The positive 
power supply signal is connected to the center tap of the output transformer. 


Output 
transformer 


Vows \) 


Q 
‘ npn 
transformer 


A”, 
Vs | | all =? Voc 


Complementary Symmetry Transistors Figure 7-9 shows one of the most popular 
types of push-pull class B amplifiers using two emitter-followers and both positive and 
negative power supplies. This is a complementary amplifier because one emitter-follower 
uses an npn transistor and the other a pnp, which conduct on opposite alternations of the 
input cycle. Notice that there is no dc base bias voltage (Vg = 0). Thus, only the signal 
voltage drives the transistors into conduction. Transistor Q; conducts during the positive 
half of the input cycle, and Q» conducts during the negative half. 


+Voc t+Voc 
° fe) 


} = = } = 
—Vec Voc 
(b) During a negative half-cycle 


A FIGURE 7-9 


Class B push-pull ac operation. 
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Crossover Distortion When the dc base voltage is zero, both transistors are off and the 
input signal voltage must exceed Vpz before a transistor conducts. Because of this, there is 
a time interval between the positive and negative alternations of the input when neither 
transistor is conducting, as shown in Figure 7-10. The resulting distortion in the output 
waveform is called crossover distortion. 


Q, conducting 
Q) off 


Vout 


Both Q, and Q, off QO, off 


(crossover distortion) Q> conducting 


Biasing the Push-Pull Amplifier for Class AB Operation 


To overcome crossover distortion, the biasing is adjusted to just overcome the Vgg of the 
transistors; this results in a modified form of operation called class AB. In class AB oper- 
ation, the push-pull stages are biased into slight conduction, even when no input signal is 
present. This can be done with a voltage-divider and diode arrangement, as shown in 
Figure 7-11. When the diode characteristics of D; and D2 are closely matched to the char- 
acteristics of the transistor base-emitter junctions, the current in the diodes and the current 
in the transistors are the same; this is called a current mirror. This current mirror pro- 
duces the desired class AB operation and eliminates crossover distortion. 


Veg 4 FIGURE 7-11 


Biasing the push-pull amplifier with 
current-mirror diode bias to elimi- 
nate crossover distortion. The tran- 
sistors form a complementary pair 
(one npn and one pnp). 


Voc 


In the bias path of the circuit in Figure 7-11, R; and R» are of equal value, as are the 
positive and negative supply voltages. This forces the voltage at point A (between the 
diodes) to equal 0 V and eliminates the need for an input coupling capacitor. The dc volt- 
age on the output is also 0 V. Assuming that both diodes and both complementary transis- 
tors are identical, the drop across D; equals the Vgg of Q;, and the drop across Dy equals 


<@ FIGURE 7-10 


Illustration of crossover distortion 
in a class B push-pull amplifier. The 
transistors conduct only during por- 
tions of the input indicated by the 
shaded areas. 
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» FIGURE 7-12 


Eliminating crossover distortion in a 
transformer-coupled push-pull 
amplifier. The biased diode compen- 
sates for the base-emitter drop of the 
transistors and produces class AB 
operation. 


Equation 7-5 


the Vgg of Qo. Since they are matched, the diode current will be the same as /cg. The diode 
current and /cg can be found by applying Ohm’s law to either Ry or R2 as follows: 


Vien = 07V 


Ica = Ri 


This small current required of class AB operation eliminates the crossover distortion but 
has the potential for thermal instability if the transistor’s Vgp drops are not matched to the 
diode drops or if the diodes are not in thermal equilibrium with the transistors. Heat in the 
power transistors decreases the base-emitter voltage and tends to increase current. If 
the diodes are warmed the same amount, the current is stabilized; but if the diodes are in a 
cooler environment, they cause Jcg to increase even more. More heat is produced in an un- 
restrained cycle known as thermal runaway. To keep this from happening, the diodes 
should have the same thermal environment as the transistors. In some cases, a small resis- 
tor in the emitter of each transistor can alleviate thermal runaway. 

Crossover distortion also occurs in transformer-coupled amplifiers like the one shown 
in Figure 7-8. To eliminate it in this case, 0.7 V is applied to the input transformer’s sec- 
ondary that just biases both transistors into conduction. The bias voltage to produce this 
drop can be derived from the power supply using a single diode as shown in Figure 7-12. 


out N\ 


AC Operation Consider the ac load line for Q, of the class AB amplifier in Figure 7-11. 
The Q-point is slightly above cutoff. (In a true class B amplifier, the Q-point is at cutoff.) 
The ac cutoff voltage for a two-supply operation is at Vcc with an Jcg as given earlier. The 
ac saturation current for a two-supply operation with a push-pull amplifier is 


7 _ Vee 
c(sat) Ry 
The ac load line for the npn transistor is as shown in Figure 7-13. The dc load line can 
be found by drawing a line that passes through Vcgg and the de saturation current, [¢(sat). 
However, the saturation current for dc is the current if the collector to emitter is shorted on 


> FIGURE 7-13 Ie 
Load lines for a complementary sym- 
metry push-pull amplifier. Only the AC load line 
load lines for the npn transistor are Te(sat) 
shown. DC load line 
Q-point 
Ico - 
me > Veg 
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both transistors! This assumed short across the power supplies obviously would cause 
maximum current from the supplies and implies the dc load line passes almost vertically 
through the cutoff as shown. Operation along the dc load line, such as caused by thermal 
runaway, could produce such a high current that the transistors are destroyed. 

Figure 7—14(a) illustrates the ac load line for Q; of the class AB amplifier in Figure 
7-14(b). In the case illustrated, a signal is applied that swings over the region of the ac load 
line shown in bold. At the upper end of the ac load line, the voltage across the transistor 
(V,~) is a minimum, and the output voltage is maximum. 


Vec 


I AC load line 


Q-point 


t > Vee 


4 
=_-_-" 


(a) AC load line for Q, (b) Circuit 


A FIGURE 7-14 


Under maximum conditions, transistors Q; and Q> are alternately driven from near cut- 
off to near saturation. During the positive alternation of the input signal, the Q; emitter is 
driven from its Q-point value of 0 to nearly Vcc, producing a positive peak voltage a little 
less than Vcc. Likewise, during the negative alternation of the input signal, the Q> emitter 
is driven from its Q-point value of 0 V, to near —Vcc, producing a negative peak voltage 
almost equal to —Vc¢c. Although it is possible to operate close to the saturation current, this 
type of operation results in increased distortion of the signal. 

The ac saturation current (Equation 7—5) is also the peak output current. Each transistor 
can essentially operate over its entire load line. Recall that in class A operation, the tran- 
sistor can also operate over the entire load line but with a significant difference. In class A 
operation, the Q-point is near the middle and there is significant current in the transistors 
even with no signal. In class B operation, when there is no signal, the transistors have only 
a very small current and therefore dissipate very little power. Thus, the efficiency of a class 
B amplifier can be much higher than a class A amplifier. It will be shown later that the 
maximum efficiency of a class B amplifier is 79%. 


Q, conducts during 
the positive half-cycle 
of the input signal 


5 
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EXAMPLE 7-3 Determine the ideal maximum peak output voltage and current for the circuit shown in 


Figure 7-15. 


Solution The ideal maximum peak output voltage is 


Vout (peak) = VcEQ = Vcc = 20V 
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Related Problem 


it Measure the maximum peak-to-peak output voltage. 


FIGURE 7-15 


-20V 


The ideal maximum peak current is 


_ _ Veco 20V 
Lout( peak) ~ *e(sat) ~ R, i 1500 


= 133 mA 


The actual maximum values of voltage and current are slightly smaller. 


What is the maximum peak output voltage and current if the supply voltages are 
changed to +15 V and —15 V? 


Open the Multisim file EO7-03 in the Examples folder on the companion website. 


Single-Supply Push-Pull Amplifier 


Push-pull amplifiers using complementary symmetry transistors can be operated from a 
single voltage source as shown in Figure 7-16. The circuit operation is the same as that 
described previously, except the bias is set to force the output emitter voltage to be Voc /2 
instead of zero volts used with two supplies. Because the output is not biased at zero volts, 


FIGURE 7-16 wie 


Single-ended push-pull amplifier. 


R, 
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capacitive coupling for the input and output is necessary to block the bias voltage from the 
source and the load resistor. Ideally, the output voltage can swing from zero to Vcc, but in 
practice it does not quite reach these ideal values. 


EXAMPLE 7-4 Determine the maximum ideal peak values for the output voltage and current in 
Figure 7-17. 
FIGURE 7-17 
Voc 
+20V 


Solution The maximum peak output voltage is 


Veco 20V 
Vout(peak) = VcEeQ 5 5 10V 
The maximum peak output current is 
Vcrg 10V 


200 mA 


Tout (peak) = c(sat) R, 500 


Related Problem Find the maximum peak values for the output voltage and current in Figure 7-17 if 
Vcc is lowered to 15 V and the load resistance is changed to 30 0. 


Open the Multisim file EO7-04 in the Examples folder on the companion website. 
Measure the maximum peak-to-peak output voltage. 


Class B/AB Power 


Maximum Output Power You have seen that the ideal maximum peak output current 
for both dual-supply and single-supply push-pull amplifiers is approximately J¢;sq;), and 
the maximum peak output voltage is approximately Vcgg. Ideally, the maximum average 
output power is, therefore, 

Pout = out (rms) Vout (rms) 
Since 


Tout (rms) = 0.7071 out (peak) = 0.7071. (sat) 
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Equation 7-6 


Equation 7-7 


and 
Vout(rms) = 9.707 Vout (peak) = 9.707 VcEQ 

then 

Pout = 9.5Te¢sat) VCEO 
Substituting Voc /2 for Vcgg, the maximum average output power is 

Pout = 9.2516 (sat)Voc 
DC Input Power The dc input power comes from the Vcc supply and is 

Foo = fecVoc 


Since each transistor draws current for a half-cycle, the current is a half-wave signal with 
an average value of 


T (sat) 
LS Sealer 
So, 
Tsar Voc 
Ppc = Se 


Efficiency An advantage of push-pull class B and class AB amplifiers over class A is a 
much higher efficiency. This advantage usually overrides the difficulty of biasing the class 
AB push-pull amplifier to eliminate crossover distortion. Recall that efficiency, 7 is de- 
fined as the ratio of ac output power to dc input power. 
= Pout 
Poc 
The maximum efficiency, max, for a class B amplifier (class AB is slightly less) is devel- 
oped as follows, starting with Equation 7-6. 
Pout = 0.25I (sat) Vcc 
Pout 0.25. (sat) Voc 


max = at = = 0.250 
™ Poco TesanVec/™ 
Nmax = 9.79 
or, as a percentage, 
Nmax = 79% 


Recall that the maximum efficiency for class A is 0.25 (25 percent). 


EXAMPLE 7-5 


Solution 


Find the maximum ac output power and the dc input power of the amplifier in 
Figure 7-18. 


The ideal maximum peak output voltage is 


Ss Vec _ 20V 
Vout(peak) = VCEQ , 5 10V 
The maximum peak output current is 
a Vora 10V 
Tout( peak) a T (sat) 125A 


m, | O 


» FIGURE 7-18 


Related Problem Determine the maximum ac output power and the dc input power in Figure 7-18 for 
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Voc 
+20 V 
3 
_—_————-e 
Ry 
C, 470.0 
Q, 
22 uF 
Wp 1 C; 
( Voi 
ve; 1000 uF 
Cy = R, 
| e : { ) 80 
" ~) * 
22 uF 
WE bp, 
4700 


The ac output power and the dc input power are 


Pout = 0.25] (sazyVoc = 0.25(1.25 A)(20 V) = 6.25 W 
Te(say¥cc _ (1.25 A)(20 V) 
T 


T 


aye = = 7.96 W 


Vec = 15 V and R;, = OM), 


Input Resistance 


The complementary push-pull configuration used in class B/class AB amplifiers is, in ef- 
fect, two emitter-followers. The input resistance for the emitter-follower, where R; and Ry 


are the bias resistors, is 


Rin = BaclYe + Rp) | Ri | Ry 


Since Rg = R_, the formula is 


Rin = 


Bact + Ry) || Ry || Ro Equation 7-8 


EXAMPLE 7-6 


Solution 


Assume that a preamplifier stage with an output signal voltage of 3 V rms and an output 
resistance of 50 Q is driving the push-pull power amplifier in Figure 7-18 (Example 
7-5). Q, and Q> in the power amplifier have a B,,. of 100 and an r) of 1.60. 
Determine the loading effect that the power amplifier has on the preamp stage. 


Looking from the input signal source, the bias resistors appear in parallel because both 
go to ac ground and the ac resistance of the forward-biased diodes is very small and 
can be ignored. The input resistance at the emitter of either transistor is B,.(r, + Ry). 
So, the signal source sees R,, Ro, and B,,(r2 + Ry) all in parallel. 

The ac input resistance of the power amplifier is 


Rin = [Bad Ge SP R,) | Ry | Ro = 100(9.6 Q) | 470 10) | 470 0) = 188 10) 


Obviously, this will have an effect on the preamp driver stage. The output resistance of 
the preamp stage and the input resistance of the power amp effectively form a voltage 
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Related Problem 


divider that reduces the output signal from the preamp. The actual signal at the power 


amp is 
Rin ) & 4 
Vo = i BV — 2.37 V 
be (= + Ri) ° 238 0 


What would be the effect of raising the bias resistors in the circuit? 


Darlington Class AB Amplifier 


In many applications where the push-pull configuration is used, the load resistance is relatively 
small. For example, an 8 © speaker is a common load for a class AB push-pull amplifier. 

As you saw in the previous example, push-pull amplifiers can present a quite low input 
resistance to the preceding amplifier that drives it. Depending on the output resistance of 
the preceding amplifier, the low push-pull input resistance can load it severely and signifi- 
cantly reduce the voltage gain. As an example, if each bias resistor is 1 kO and if the 
complementary transistors in a push-pull amplifier exhibit an ac beta of 50 and the load 
resistance is 8 Q,, the input resistance (assuming r, = 1 Q,) is 


Rin = Bakr, + Ry) || Ry || Ro = 50U 0 + 80) 1kO] 1kO = 2360 


If the collector resistance of the driving amplifier is, for example, 1.0kQ, the input 
resistance of the push-pull amplifier reduces the effective collector resistance of the driving 
amplifier (assuming a common-emitter) to R. = Rc|| Rin = 1.0kQ || 2360 = 1900. 
This drastically reduces the voltage gain of the driving amplifier because its gain is R,/r.. 

In certain applications with low-resistance loads, a push-pull amplifier using Darlington 
transistors can be used to increase the input resistance presented to the driving amplifier 
and avoid severely reducing the voltage gain. The overall ac beta of a Darlington pair is 
generally in excess of a thousand. Also, the bias resistors can be greater because less base 
current is required. 

In the previous case, for example, if Bz. = 50 for each transistor in a Darlington pair, 
the overall ac beta is B,. = (50)(50) = 2500. If the bias resistors are 10kQ,, the input 
resistance is greatly increased, as the following calculation shows. 


Rin = Backr, + Ry) || Ry || Ro = 25000 O + 8Q)|| 10kO | 10kO = 4.09kO 


A Darlington class AB push-pull amplifier is shown in Figure 7-19. Four diodes are required 
in the bias circuit to match the four base-emitter junctions of the two Darlington pairs. 


> FIGURE 7-19 Ves 
fe) 


A Darlington class AB push-pull 
amplifier. 


THE CLAss C AMPLIFIER 


Darlington/Complementary Darlington Class AB Amplifier 


The complementary Darlington, also known as the Sziklai pair, was introduced in Chapter 6. 
Recall that it is similar to the traditional Darlington pair except it uses complementary 
transistors (one npn and one pnp). The complementary Darlington is used when it is deter- 
mined that output power transistors of the same type should be used (both npn or both 
pnp). Figure 7-20 shows a class AB push-pull amplifier with two npn output power tran- 
sistors (Qy and Q4). The upper part of the push-pull configuration is a traditional 
Darlington, and the lower part is a complementary Darlington. 


#Veg <4 FIGURE 7-20 
O 


A Darlington/complementary 
Darlington class AB push-pull 


amplifier. 
Cc; 


Traditional 
Darlington 


Output 


Complementary 
Darlington 
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es crossover distortion? 

e maximum efficiency of a push-pull class B amplifier? 
rpose of the push-pull configuration for class B. 
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7-3 THE CLASs C AMPLIFIER 


Class C amplifiers are biased so that conduction occurs for much less than 180°. Class C 
amplifiers are more efficient than either class A or push-pull class B and class AB, which 
means that more output power can be obtained from class C operation. The output ampli- 
tude is a nonlinear function of the input, so class C amplifiers are not used for linear 
amplification. They are generally used in radio frequency (RF) applications, including 
circuits, such as oscillators, that have a constant output amplitude, and modulators, where 
a high-frequency signal is controlled by a low-frequency signal. 


After completing this section, you should be able to 


a Explain and analyze the operation of class C amplifiers 
4 Describe basic class C operation 
¢ Discuss the bias of the transistor 
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>» FIGURE 7-21 


Basic class C amplifier operation 
(noninverting). 


» FIGURE 7-22 


Basic class C operation. 


Basic Class C Operation 


The basic concept of class C operation is illustrated in Figure 7-21. A common-emitter 
class C amplifier with a resistive load is shown in Figure 7—22(a). A class C amplifier is 
normally operated with a resonant circuit load, so the resistive load is used only for the 
purpose of illustrating the concept. It is biased below cutoff with the negative Vgp supply. 
The ac source voltage has a peak value that is slightly greater than |Vgp| + Vpp so that the 
base voltage exceeds the barrier potential of the base-emitter junction for a short time near 
the positive peak of each cycle, as illustrated in Figure 7—22(b). During this short interval, the 
transistor is turned on. When the entire ac load line is used, as shown in Figure 7—22(c), the 
ideal maximum collector current is /.(sq7), and the ideal minimum collector voltage is 


Vee(sat): 


Vin Vous 
0 ° Oo 0 


Transistor conducts when 
Vin exceeds |Vgp| + Veg 


Vp + Vag ---~- 7 
I 
I 
I 
Vin 0 T 
I 
I 
I 
I 
I 
t+Voc 
9 I 
I 
I 
SX | 
I. 0 
Cc ¢—V,,,, (b) Input voltage and output current waveforms 
Rg i 
Vin ; A 
c(sat) F\— 
~ Vea 
(a) Basic class C amplifier circuit va 


> Ver 


0 i 
| 

1 VY. 1 
Vee(sat) 
(c) Load line operation 


Power Dissipation 


The power dissipation of the transistor in a class C amplifier is low because it is on for only 
a small percentage of the input cycle. Figure 7—23(a) shows the collector current pulses. 
The time between the pulses is the period (7) of the ac input voltage. The collector current 
and the collector voltage during the on time of the transistor are shown in Figure 7—23(b). 
To avoid complex mathematics, we will assume ideal pulse approximations. Using this 
simplification, if the output swings over the entire load, the maximum current amplitude is 
T(sat) and the minimum voltage amplitude is V.¢(sqr, during the time the transistor is on. 
The power dissipation during the on time is, therefore, 


Py\on) = Te (sat)Vce (sat) 


The transistor is on for a short time, f,,, and off for the rest of the input cycle. Therefore, 
assuming the entire load line is used, the power dissipation averaged over the entire 
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cycle is 
ton ton 
Pycavg) = (2) Pom = (# LesatVce (sat) 
lsat) 
i 
Vin 0 
0) — = 
Vec 
q Vee 
0 Voe(sat) 
|}«—— T —-+ 0 


(a) Collector current pulses (b) Ideal class C waveforms 


A FIGURE 7-23 


Class C waveforms. 
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EXAMPLE 7-7 


A class C amplifier is driven by a 200 kHz signal. The transistor is on for 1 js, and the 


amplifier is operating over 100 percent of its load line. If Je(sar) = 100 mA and Veo (sar) = 
0.2 V, what is the average power dissipation of the transistor? 


Solution The period is 


Therefore, 


ton 


Ppavg) = (22 \raoanYersen = (0.2)(100 mA)(0.2 V) = 4 mW 


The low power dissipation of the transistor operated in class C is important because, as 
you will see later, it leads to a very high efficiency when it is operated as a tuned class C 
amplifier in which relatively high power is achieved in the resonant circuit. 


Related Problem 
the average power dissipation of the transistor? 


If the frequency is reduced from 200 kHz to 150 kHz with the same on time, what is 
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in 


(a) Basic circuit 


Tuned Operation 


Because the collector voltage (output) is not a replica of the input, the resistively loaded 
class C amplifier alone is of no value in linear applications. It is therefore necessary to use a 
class C amplifier with a parallel resonant circuit (tank), as shown in Figure 7—24(a). The res- 
onant frequency of the tank circuit is determined by the formula f, = 1/(27VLC). The short 
pulse of collector current on each cycle of the input initiates and sustains the oscillation of 
the tank circuit so that an output sinusoidal voltage is produced, as illustrated in Figure 
7—24(b). The tank circuit has high impedance only near the resonant frequency, so the gain 
is large only at this frequency. 


t+Voc 


(b) Output waveforms 


A FIGURE 7-24 


Tuned class C amplifier. 


The current pulse charges the capacitor to approximately +Vc¢c, as shown in Figure 
7-25(a). After the pulse, the capacitor quickly discharges, thus charging the inductor. 
Then, after the capacitor completely discharges, the inductor’s magnetic field collapses 
and then quickly recharges C to near Vcc in a direction opposite to the previous charge. 
This completes one half-cycle of the oscillation, as shown in parts (b) and (c) of Figure 
7-25. Next, the capacitor discharges again, increasing the inductor’s magnetic field. 
The inductor then quickly recharges the capacitor back to a positive peak slightly less than 
the previous one, due to energy loss in the winding resistance. This completes one full 
cycle, as shown in parts (d) and (e) of Figure 7-25. The peak-to-peak output voltage is 
therefore approximately equal to 2Vcc. 

The amplitude of each successive cycle of the oscillation will be less than that of the 
previous cycle because of energy loss in the resistance of the tank circuit, as shown in 
Figure 7—26(a), and the oscillation will eventually die out. However, the regular recur- 
rences of the collector current pulse re-energizes the resonant circuit and sustains the oscil- 
lations at a constant amplitude. 

When the tank circuit is tuned to the frequency of the input signal (fundamental), re- 
energizing occurs on each cycle of the tank voltage, V,., as shown in Figure 7—26(b). When 
the tank circuit is tuned to the second harmonic of the input signal, re-energizing occurs on 
alternate cycles as shown in Figure 7—26(c). In this case, a class C amplifier operates as a 
frequency multiplier (X 2). By tuning the resonant tank circuit to higher harmonics, further 
frequency multiplication factors are achieved. 
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Transistor conducts 
(approximates a short) 


(a) C; charges to +Vec at the input peak 
when transistor is conducting. 


+Voc +Voc 


t+Voc 
| 
| 
] 
(b) C, discharges to 0 volts. (c) L recharges C, in opposite direction. 
+Voc +Voc 
+Voc = .t+Voc 
= Fs # 7 * 
C L Ay C L y 4 
cu 0 - ~ 0 
n t : \ 
! 
1 / 
Vec ie Voc 
Cy Cy 


Transistor is off just prior to conducting 


-- Transistor remains off ae 
again to start another cycle 


(d) C, discharges to 0 volts. (e) L recharges C). 


A FIGURE 7-25 


Resonant circuit action. 
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» FIGURE 7-26 


Tank circuit oscillations. V, is the 
voltage across the tank circuit. Vv. O 


(a) An oscillation will gradually die out (decay) due to energy loss. 
The rate of decay depends on the efficiency of the tank circuit. 


oA ff 


(b) Oscillation at the fundamental frequency can be sustained by short 
pulses of collector current. 


(c) Oscillation at the second harmonic frequency 


Maximum Output Power 


Since the voltage developed across the tank circuit has a peak-to-peak value of approxi- 
mately 2Vcc, the maximum output power can be expressed as 


— Vins — (0.707Vec)” 


Pout R.. Re. 


0.5Vec 


Equation 7-9 Pout = a 


R, is the equivalent parallel resistance of the collector tank circuit at resonance and repre- 
sents the parallel combination of the coil resistance and the load resistance. It usually has a 
low value. The total power that must be supplied to the amplifier is 


Pr = Pout a Pocavg) 
Therefore, the efficiency is 


P. out 


Equation 7-10 nH = —— 
P out + P, D(avg) 


When Poy; >> Ppavg); the class C efficiency closely approaches | (100 percent). 
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EXAMPLE 7-8 Suppose the class C amplifier described in Example 7—7 has a Vcc equal to 24 V and 
the R, is 100 . Determine the efficiency. 
Solution From Example 7-7, Ppyayg) = 4 mW. 


_ 0.5Vec _ 0.5(24 VY 
ee R. 100 0 


= 2.88 W 


Therefore, 


lon 2.88 W 
leap ate Pyvavg) 2.88 W + 4mW 


n = 0.999 


or, as a percentage, 99.9%. 


Related Problem What happens to the efficiency of the amplifier if R, is increased? 


Clamper Bias for a Class C Amplifier 


Figure 7-27 shows a class C amplifier with a base bias clamping circuit. The base-emitter 
junction functions as a diode. 


+Voc <q FIGURE 7-27 


Tuned class C amplifier with clamper 
bias. 


Vout 


When the input signal goes positive, capacitor C; is charged to the peak value with 
the polarity shown in Figure 7—28(a). This action produces an average voltage at the 
base of approximately —V,. This places the transistor in cutoff except at the positive 
peaks, when the transistor conducts for a short interval. For good clamping action, 
the R,C, time constant of the clamping circuit must be much greater than the period of 
the input signal. Parts (b) through (f) of Figure 7—28 illustrate the bias clamping action 
in more detail. During the time up to the positive peak of the input (fo to t,), the capacitor 
charges to V, — 0.7 V through the base-emitter diode, as shown in part (b). During the 
time from f¢; to fy, as shown in part (c), the capacitor discharges very little because of the 
large RC time constant. The capacitor, therefore, maintains an average charge slightly 
less than V, — 0.7V. 

Since the de value of the input signal is zero (positive side of C), the dc voltage at the 
base (negative side of C}) is slightly more positive than —(V, — 0.7 V), as indicated in 
Figure 7—28(d). As shown in Figure 7—28(e), the capacitor couples the ac input signal 
through to the base so that the voltage at the transistor’s base is the ac signal riding on a de 
level slightly more positive than —(V, — 0.7 V). Near the positive peaks of the input volt- 
age, the base voltage goes slightly above 0.7 V and causes the transistor to conduct for a 
short time, as shown in Figure 7—28(f). 
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+Voc 


Base-emitter diode 


V,-0.7V 


eee + | — + = 
ge : . 
| 
a eat ne Vj 
Q * ie P) conducts 0 = in R, 
0 4 
0.7 V 
" ae 


(b) 
OV -(V, -0.7 V 
fae 
Vp 
0 Ve, R, 
at = = = 
(d) 


~-(V,-0.7 V) 
yr Yb 40:7 Vie St SBR a 
+ = DES ee a ee 
Base Vv, 
Cc; 
V. =—(V,-0.7V) — 
0 = Ry QO conducts 
(e) (f) 
A FIGURE 7-28 
Clamper bias action. 
EXAMPLE 7-9 Determine the voltage at the base of the transistor, the resonant frequency, and the peak- 
to-peak value of the output signal voltage for the class C amplifier in Figure 7-29. 
Solution oe ta Vv) = 14V 


The base is clamped at 
mie 0-2) — —0.7 Vde 
The signal at the base has a positive peak of +0.7 V and a negative peak of 
meets yy L4VY—07V— -2.1V 


TROUBLESHOOTING ® 365 


» FIGURE 7-29 


+15 V 

C3 L 

680 pF &} 220 wH 

Cy 
C 10 nF 
R, 
100 kO 
10 nF 
Vs R, 
lv 2kO LL 
The resonant frequency is 
1 1 
= 411 kHz 


ites 2mV(220 wH)(680 pF) 
The output signal has a peak-to-peak value of 


Vpp = 2Vcc = 2(15 V) = 30V 


Related Problem How could you make the circuit in Figure 7-29 a frequency doubler? 


int is a class C amplifier normally biased? 
purpose of the tuned circuit in a class C amplifier? 


Camplifier has a power dissipation of 100 mW and an output power of 
its percent efficiency? 


7—4 TROUBLESHOOTING 


In this section, examples of isolating a component failure in a circuit are presented. 
We will use a class A amplifier and a class AB amplifier with the output voltage 
monitored by an oscilloscope. Several incorrect output waveforms will be examined 
and the most likely faults will be discussed. 


After completing this section, you should be able to 


4 Troubleshoot power amplifiers 
4 Troubleshoot a class A amplifier for various faults 
4 Troubleshoot a class AB amplifier for various faults 


Chapter 18: Basic Programming Concepts for Automated Testing 
Selected sections from Chapter 18 may be introduced as part of this troubleshooting 
coverage or, optionally, the entire Chapter 18 may be covered later or not at all. 
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Case 1: Class A 


As shown in Figure 7—30, the class A power amplifier should have a normal sinusoidal out- 
put when a sinusoidal input signal is applied. 


> FIGURE 7-30 


Class A power amplifier with correct 
output voltage swing. 


Now let’s consider four incorrect output waveforms and the most likely causes in each 
case. In Figure 7—31(a), the scope displays a dc level equal to the de supply voltage, indicat- 
ing that the transistor is in cutoff. The two most likely causes of this condition are (1) the 
transistor has an open pn junction, or (2) Ry is open, preventing collector and emitter current. 


Vec Vee 
=Vp 
=0V 


(a) Transistor in cutoff 


(b) CE short or Ry open (c) Q-point shift or R; open (d) Transistor in saturation 


A FIGURE 7-31 


Oscilloscope displays showing output voltage for the amplifier in Figure 7-30 for several types of failures. 


In Figure 7—31(b), the scope displays a dc level at the collector approximately equal to 
the de emitter voltage. The two probable causes of this indication are (1) the transistor is 
shorted from collector to emitter, or (2) R2 is open, causing the transistor to be biased in 
saturation. In the second case, a sufficiently large input signal can bring the transistor out 
of saturation on its negative peaks, resulting in short pulses on the output. 

In Figure 7—31(c), the scope displays an output waveform that indicates the transistor is 
in cutoff except during a small portion of the input cycle. Possible causes of this indication 
are (1) the Q-point has shifted down due to a drastic out-of-tolerance change in a resistor 
value, or (2) R; is open, biasing the transistor in cutoff. The display shows that the input 
signal is sufficient to bring it out of cutoff for a small portion of the cycle. 

In Figure 7—31(d), the scope displays an output waveform that indicates the transistor is 
saturated except during a small portion of the input cycle. Again, it is possible that an 
incorrect resistance value has caused a drastic shift in the Q-point up toward saturation, or 
R> is open, causing the transistor to be biased in saturation, and the input signal is bringing 
it out of saturation for a small portion of the cycle. 


Case 2: Class AB 


As shown in Figure 7—32, the class AB push-pull amplifier should have a sinusoidal output 
when a sinusoidal input signal is applied. 


Vee 


Two incorrect output waveforms are shown in Figure 7-33. The waveform in part (a) 
shows that only the positive half of the input signal is present on the output. One possible 
cause is that diode D, is open. If this is the fault, the positive half of the input signal forward- 
biases D and causes transistor Q2 to conduct. Another possible cause is that the base-emitter 
junction of Q» is open so only the positive half of the input signal appears on the output 
because Q, is still working. 


(a) D, open or (b) Dz open or 
Q, base-emitter open Q, base-emitter open 


The waveform in Figure 7—33(b) shows that only the negative half of the input signal is 
present on the output. One possible cause is that diode D> is open. If this is the fault, the 
negative half of the input signal forward-biases D, and places the half-wave signal on the 
base of Q;. Another possible cause is that the base-emitter junction of Q; is open so only 
the negative half of the input signal appears on the output because Qj is still working. 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the companion website. 
Open each file and determine if the circuit is working properly. If it is not working prop- 
erly, determine the fault. 


1. Multisim file TSEO7-01 
2. Multisim file TSEO7-02 
3. Multisim file TSEO7-03 
4. Multisim file TSEO7-04 
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<@ FIGURE 7-32 


A class AB push-pull amplifier with 
correct output voltage. 


<@ FIGURE 7-33 


Incorrect output waveforms for the 
amplifier in Figure 7-32. 


V at type of failure? 


would you check for if you noticed clipping at both peaks of the output waveform? 
icant loss of gain in the amplifier of Figure 7-30 would most likely be caused 
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Application Activity: The Complete PA System 


The class AB power amplifier follows the audio preamp and drives the speaker as shown 
in the PA system block diagram in Figure 7—34. In this application, the power amplifier is 
developed and interfaced with the preamp that was developed in Chapter 6. The maximum 
signal power to the speaker should be approximately 6 W for a frequency range of 70 Hz 
to 5 kHz. The dynamic range for the input voltage is up to 40 mV. Finally, the complete PA 
system is put together. 


y TC 
Microphone 
DC power supply 
| ne 
‘ t Speaker 
Audio preamp Power amplifier () 
— 
(a) PA system block diagram (b) Physical configuration 


A FIGURE 7-34 


The Power Amplifier Circuit 


The schematic of the push-pull power amplifier is shown in Figure 7-35. The circuit is a 
class AB amplifier implemented with Darlington configurations and diode current mirror 
bias. Both a traditional Darlington pair and a complementary Darlington (Sziklai) pair are 
used to provide sufficient current to an 8 © speaker load. The signal from the preamp is 


» FIGURE 7-35 


Class AB power push-pull amplifier. 


Output 


Input 


-15V 


FIGURE 7-36 
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capacitively coupled to the driver stage, Qs5, which is used to prevent excessive loading on 
the preamp and provide additional gain. Notice that Qs is biased with the dc output volt- 
age (0 V) fed back through Rj. Also, the signal voltage fed back to the base of Qs is out- 
of-phase with the signal from the preamp and has the effect of stabilizing the gain. This is 
called negative feedback. The amplifier will deliver up to 5 W to an 8 © speaker. 

A partial datasheet for the BD135 power transistor is shown in Figure 7—36. 


1. Estimate the input resistance of the power amplifier in Figure 7-35. 
2. Calculate the approximate voltage gain of the power amplifier in Figure 7-35? 


Partial datasheet for the BD135 
power transistors. Copyright 
Fairchild semiconductor corpora- 
tion. Used by permission. 


SEE] 
FAIRCHILD 
LR 
SEMICONDUCTOR m 

BD135/137/139 
Medium Power Linear and Switching Lp 
Applications 4 
* Complement to BD136, BD138 and BD140 respectively é am 

1 TO-126 


1. Emitter 2.Collector 3.Base 


NPN Epitaxial Silicon Transistor 


Absolute Maximum Ratings 1, = 25°C unless otherwise noted 


Symbol Parameter Value Units 

VcBo Collector-Base Voltage :BD135 45 Vv 

: BD137 60 Vv 

: BD139 80 Vv 
VcEO Collector-Emitter Voltage :BD135 45 Vv 

: BD137 60 Vv 

: BD139 80 Vv 
VeBo Emitter-Base Voltage 5 Vv 
Io Collector Current (DC) 1.5 A 
lop Collector Current (Pulse) 3.0 A 
Ip Base Current 0.5 A 
Po Collector Dissipation (Tc = 25°C) 12.5 Ww 
Po Collector Dissipation (T, = 25°C) 1.25 WwW 
Ty Junction Temperature 150 °C 
Tstc Storage Temperature - 55 ~ 150 °C 


Electrical Characteristics 1, = 25°C unless otherwise noted 


Symbol Parameter Test Condition Min. | Typ. | Max. | Units 
Vceo(sus) Collector-Emitter Sustaining Voltage 
:BD135 Io = 30mA, Ip = 0 45 Vv 
: BD137 60 Vv 
: BD139 80 Vv 
logo Collector Cut-off Current Vop = 30V, Ip = 0 0.1 HA 
leBo Emitter Cut-off Current Vep = 5V, Ic = 0 10 HA 
hee1 DC Current Gain : ALL DEVICE Vee = 2V, Ico = 5mMA 25 
hee2 : ALL DEVICE Vee = 2V, Ic = 0.5A 25 
hee3 :BD135 Voe = 2V, Io = 150mA 40 250 
: BD137, BD139 40 160 
Vce(sat) Collector-Emitter Saturation Voltage Io = 500mA, Ip = 50mMA 0.5 Vv 
Vpe(on) Base-Emitter ON Voltage Voge = 2V, Io = 0.5A 1 Vv 


hee Classification 
Classification 6 10 16 
hee3 40 ~ 100 63 ~ 160 100 ~ 250 
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Simulation 

The power amplifier is simulated using Multisim with a 1 kHz input signal at near its 
maximum linear operation. The results are shown in Figure 7-37 where an 8.2 © resistor 
is used to closely approximate the 8 ( speaker. 


3. Calculate the power to the load in Figure 7-37. 
4. What is the measured voltage gain? The input is a peak value. 
5. Compare the measured gain to the calculated gain for the amplifier in Figure 7-35. 


fi | : Inwert 
|i retpieee 
fiat 

' }! | 


hi 500us 


(b) Output signal 


FIGURE 7-37 


Simulation of the power amplifier. 
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The Complete Audio Amplifier 
Both the preamp and the power amp have been simulated individually. Now, they must 
work together to produce the required signal power to the speaker. Figure 7—38 is the sim- 
ulation of the combined audio preamp and power amp. Components in the power ampli- 
fier are now numbered sequentially with the preamp components. 

6. Calculate the power to the load in Figure 7-38. 

7. What is the measured voltage gain of the power amplifier? 

8. What is the measured overall voltage gain? 


+ 10uF-POL 


(b) Preamp output and final output 


FIGURE 7-38 


Simulation of the complete audio amplifier. 
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(Uj Simulate the audio amplifier using your Multisim software. Observe the operation 
with the virtual oscilloscope. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 

Lab Experiment 


-| To build and test a similar circuit, go to Experiment 7 in your lab manual (Laboratory 
_| Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Circuit Board 


The power amplifier is implemented on a printed circuit board as shown in Figure 7-39. 
Heat sinks are used to provide additional heat dissipation from the power transistors. 

9. Check the printed circuit board and verify that it agrees with the schematic in 
Figure 7-35. The volume control potentiometer is mounted off the PC board for 
easy access. 

10. Label each input and output pin according to function. Locate the single back- 
side trace. 


Heat sink 


A“ FIGURE 7-39 


Power amplifier circuit board. 


Troubleshooting the Power Amplifier Board 


A power amplifier circuit board has failed the production test. Test results are shown in 
Figure 7—40. 


11. Based on the scope displays, list possible faults for the circuit board. 
Putting the System Together 


The preamp circuit board and the power amplifier circuit board are interconnected and 
the dc power supply (battery pack), microphone, speaker, and volume control poten- 
tiometer are attached, as shown in Figure 7-41. 


12. Verify that the system interconnections are correct. 


» FIGURE 7-40 
-I5V +15 V 


Test of faulty power amplifier 
board. 


1.5 V peak 
input signal 


-15V 
Battery pack 


Volume 


4» FIGURE 7-41 


The complete public address system. 
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SUMMARY 
Section 7-1 ® Aclass A power amplifier operates entirely in the linear region of the transistor’s characteristic 
curves. The transistor conducts during the full 360° of the input cycle. 
® The Q-point must be centered on the load line for maximum class A output signal swing. 
® The maximum efficiency of a class A power amplifier is 25 percent. 
Section 7-2. ® Aclass B amplifier operates in the linear region for half of the input cycle (180°), and it is in 
cutoff for the other half. 
® The Q-point is at cutoff for class B operation. 
® Class B amplifiers are normally operated in a push-pull configuration in order to produce an 
output that is a replica of the input. 
® The maximum efficiency of a class B amplifier is 79 percent. 
® Aclass AB amplifier is biased slightly above cutoff and operates in the linear region for slightly 
more than 180° of the input cycle. 
® Class AB eliminates crossover distortion found in pure class B. 
Section 7-3 ® Aclass C amplifier operates in the linear region for only a small part of the input cycle. 
® The class C amplifier is biased below cutoff. 
® Class C amplifiers are normally operated as tuned amplifiers to produce a sinusoidal output. 
® The maximum efficiency of a class C amplifier is higher than that of either class A or class B 
amplifiers. Under conditions of low power dissipation and high output power, the efficiency can 
approach 100 percent. 
| KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


| 


Class AA type of amplifier that operates entirely in its linear (active) region. 
Class AB A type of amplifier that is biased into slight conduction. 


Class B_ A type of amplifier that operates in the linear region for 180° of the input cycle because it 
is biased at cutoff. 


Class C A type of amplifier that operates only for a small portion of the input cycle. 


Efficiency The ratio of the signal power delivered to a load to the power from the power supply of 
an amplifier. 


Power gain The ratio of output power to input power of an amplifier. 


Push-Pull A type of class B amplifier with two transistors in which one transistor conducts for one 
half-cycle and the other conducts for the other half-cycle. 


KEY FORMULAS 


The Class A Power Amplifier 


PL . 
7-1 Ay = > Power gain 
P, in 
2 Rin ies ‘ 
7-2 Ap = A; R, Power gain in terms of voltage gain 
7-3 Ppg = IcQVcro DC quiescent power 
7-4 Pout(max) = 9.5IcQgVcrQ Maximum output power 


The Class B/AB Push-Pull Amplifiers 


Vi 
7-5 Te(sat) = = AC saturation current 
Ry 


7-6 Pow = 9.251 ¢(sat)Vec Maximum average output power 


_TRUE/FALSE QUIZ 


_CIRCUIT-ACTION QUIZ 
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7-7 Nmax = 9.79 Maximum efficiency 
7-8 Rin = Baclré + Ry) || Ri || Ro Input resistance 
The Class C Amplifier 
0.5V¢ 

7-9 ‘out = = Output power 

R, 

P 
7-10 nH = out Efficiency 


Pout + Pyvavg) 


Answers can be found at www.pearsonhighered.com/floyd. 


ert nam PB wr 


—_— —_ 
| Sl J 


. Class A power amplifiers are a type of large-signal amplifier. 
. Ideally, the Q-point should be centered on the load line in a class A amplifier. 
. The quiescent power dissipation occurs when the maximum signal is applied. 


. Efficiency is the ratio of output signal power to total power. 


Each transistor in a class B amplifier conducts for the entire input cycle. 


. Class AB operation overcomes the problem of crossover distortion. 


Complementary symmetry transistors must be used in a class AB amplifier. 


. A current mirror is implemented with a laser diode. 

. Darlington transistors can be used to increase the input resistance of a class AB amplifier. 
. The transistor in a class C amplifier conducts for a small portion of the input cycle. 

. The output of a class C amplifier is a replica of the input signal. 


. Aclass C amplifier usually employs a tuned circuit. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


10. 


If the value of R3 in Figure 7—5 is decreased, the voltage gain of the first stage will 


(a) increase (b) decrease (c) not change 


. If the value of Rg» in Figure 7—S is increased, the voltage gain of the first stage will 


(a) increase (b) decrease (c) not change 


. If Cy in Figure 7-5 opens, the de voltage at the emitter of Q, will 


(a) increase (b) decrease (c) not change 


. If the value of R4 in Figure 7-5 is increased, the dc voltage at the base of Q3 will 


(a) increase (b) decrease (c) not change 


. If Vcc in Figure 7-18 is increased, the peak output voltage will 


(a) increase (b) decrease (c) not change 


. If the value of R, in Figure 7-18 is increased, the ac output power will 


(a) increase (b) decrease (c) not change 


. If the value of R; in Figure 7-19 is decreased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the value of Voc in Figure 7-19 is increased, the ac output power will 


(a) increase (b) decrease (c) not change 


. If the values of R; and R2 in Figure 7-19 are increased, the voltage gain will 


(a) increase (b) decrease (c) not change 


If the value of C in Figure 7—24 is decreased, the resonant frequency will 
(b) decrease 


(a) increase (c) not change 


376 ¢ POoweR AMPLIFIERS 


SELF-TEST 
Section 7-1 


Section 7-2 


Section 7-3 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


An amplifier that operates in the linear region at all times is 
(a) Class A (b) Class AB (c) Class B (d) Class C 


. A certain class A power amplifier delivers 5 W to a load with an input signal power of 


100 mW. The power gain is 
(a) 100 (b) 50 (ce) 250 (d) 5 


. The peak current a class A power amplifier can deliver to a load depends on the 


(a) maximum rating of the power supply (b) quiescent current 


(c) current in the bias resistors (d) size of the heat sink 


. For maximum output, a class A power amplifier must maintain a value of quiescent current that is 


(a) one-half the peak load current (b) twice the peak load current 


(c) at least as large as the peak load current (d) just above the cutoff value 


. Acertain class A power amplifier has Vcgg = 12 V and Jcg = 1 A. The maximum signal 


power output is 
(a) 6W (b) 12 W (c) 1W (d) 0.707 W 


. The efficiency of a power amplifier is the ratio of the power delivered to the load to the 


(a) input signal power (b) power dissipated in the last stage 


(c) power from the dc power supply (d) none of these answers 


. The maximum efficiency of a class A power amplifier is 


(a) 25% (b) 50% (c) 79% (d) 98% 


. The transistors in a class B amplifier are biased 


(a) into cutoff (b) in saturation 


(c) at midpoint of the load line (d) right at cutoff 


. Crossover distortion is a problem for 


(a) class A amplifiers (b) class AB amplifiers 

(c) class B amplifiers (d) all of these amplifiers 

A BJT class B push-pull amplifier with no transformer coupling uses 
(a) two npn transistors (b) two pnp transistors 
(c) complementary symmetry transitors (d) none of these 

A current mirror in a push-pull amplifier should give an Jcq that is 
(a) equal to the current in the bias resistors and diodes 

(b) twice the current in the bias resistors and diodes 

(c) half the current in the bias resistors and diodes 

(d) zero 

The maximum efficiency of a class B push-pull amplifier is 

(a) 25% (b) 50% (c) 79% (d) 98% 


The output of a certain two-supply class B push-pull amplifier has a Vcc of 20 V. If the load re- 
sistance is 50 Q,, the value of J.¢sar) is 


(a) 5mA (b) 04A (c) 4mA (d) 40 mA 

The maximum efficiency of a class AB amplifier is 

(a) higher than a class B (b) the same as a class B 

(c) about the same as a class A (d) slightly less than a class B 

The power dissipation of a class C amplifier is normally 

(a) very low (b) very high (c) the same as a class B (d) the same as a class A 
The efficiency of a class C amplifier is 

(a) less than class A (b) less than class B 

(c) less than class AB (d) greater than classes A, B, or AB 


_ PROBLEMS 


Section 7-1 


» FIGURE 7-42 


Multisim file circuits are identified 
with a logo and are in the Problems 
folder on the companion website. 


Filenames correspond to figure num- 


bers (e.g., FO7-42). 


> FIGURE 7-43 
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17. The transistor in a class C amplifier conducts for 
(a) more than 180° of the input cycle (b) one-half of the input cycle 
(c) avery small percentage of the input cycle (d) all of the input cycle 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
The Class A Power Amplifier 


1. Figure 7—42 shows a CE power amplifier in which the collector resistor serves also as the load 
resistor. Assume Bpc = Bac = 100. 


(a) Determine the de Q-point (cg and VcggQ). 


(b) Determine the voltage gain and the power gain. 


+Voc 
+15 V 


C 
22 uF 
V; 
500 mV pp 
1.0 kHz 


2. For the circuit in Figure 7—42, determine the following: 
(a) the power dissipated in the transistor with no load 
(b) the total power from the power supply with no load 
(c) the signal power in the load with a 500 mV input 


3. Refer to the circuit in Figure 7-42. What changes would be necessary to convert the circuit to a 
pnp transistor with a positive supply? What advantage would this have? 


4. Assume a CC amplifier has an input resistance of 2.2 kQ, and drives an output load of 50 Q.. 
What is the power gain? 
5. Determine the Q-point for each amplifier in Figure 7—43. 


+12 V 


(a) Buc = Bpoc = 125 (b) Bac = Bpoc = 120 


378 ¢ PoweR AMPLIFIERS 


6. If the load resistor in Figure 7—43(a) is changed to 50 0, how much does the Q-point change? 


7. What is the maximum peak value of collector current that can be realized in each circuit of 
Figure 7-43? What is the maximum peak value of output voltage in each circuit? 


8. Find the power gain for each circuit in Figure 7-43. Neglect 7. 
9. Determine the minimum power rating for the transistor in Figure 7—44. 


10. Find the maximum output signal power to the load and efficiency for the amplifier in Figure 
7-44 with a 500 ©, load resistor. 


> FIGURE 7-44 


Section 7-2 The Class B and Class AB Push-Pull Amplifiers 
11. Refer to the class AB amplifier in Figure 7—45. 
(a) Determine the dc parameters Veal) VB(Q2)> Ve; Ica; VcEQ(O1)> VcrQ(Q2): 


(b) For the 5 V rms input, determine the power delivered to the load resistor. 


> FIGURE 7-45 +Voc 
+9V 


12. Draw the load line for the npn transistor in Figure 7-45. Label the saturation current, J,,sq7), and 
show the Q-point. 


Section 7-3 


13. 


14. 
15. 


16. 


17. 


18. 
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Determine the approximate input resistance seen by the signal source for the amplifier of 
Figure 7—45 if B,. = 100. 


If D> has more voltage drop than D,, what effect does this have on the output? 
Refer to the class AB amplifier in Figure 7—46 operating with a single power supply. 
(a) Determine the de parameters Vg(Q1), Vp(g2), Ves Jeg: Veravo1)» VcEQ(Q2): 


(b) Assuming the input voltage is 10 V pp, determine the power delivered to the load 
resistor. 


Refer to the class AB amplifier in Figure 7—46. 
(a) What is the maximum power that could be delivered to the load resistor? 


(b) Assume the power supply voltage is raised to 24 V. What is the new maximum power that 
could be delivered to the load resistor? 


Refer to the class AB amplifier in Figure 7-46. What fault or faults could account for each of 
the following troubles? 


(a) a positive half-wave output signal 

(b) zero volts on both bases and the emitters 

(c) no output: emitter voltage = +15 V 

(d) crossover distortion observed on the output waveform 


If a 1 Vrms signal source with an internal resistance of 50 © is connected to the amplifier 
in Figure 7—46, what is the actual rms signal applied to the amplifier input? Assume 
Bac = 200. 


A FIGURE 7-46 


The Class C Amplifier 


19. 


20. 
21. 


22. 


A certain class C amplifier transistor is on for 10 percent of the input cycle. If Vee(sary, = 0.18 V 
and I¢ (sar) = 25 mA, what is the average power dissipation for maximum output? 


What is the resonant frequency of a tank circuit with L = 10 mH and C = 0.001 uF? 
What is the maximum peak-to-peak output voltage of a tuned class C amplifier with 
Vec =12V? 


Determine the efficiency of the class C amplifier described in Problem 21 if Voc = 15 V and 
the equivalent parallel resistance in the collector tank circuit is 50 ©. Assume that the transistor 
is on for 10% of the period. 
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Section 7-4 Troubleshooting 
23. Refer to Figure 7-47. What would you expect to observe across R,; if C; opened? 


24. Your oscilloscope displays a half-wave output when connected across R, in Figure 7-47. What 


is the probable cause? 


> FIGURE 7-47 


For Q, and Q>: 


Boc = Bac = 175 
r=5Q 


Vig 


25. Determine the possible fault or faults, if any, for each circuit in Figure 7—48 based on the indi- 


cated de voltage measurements. 


> FIGURE 7-48 
R, 

o\3 560 0 0; 

10uF W: . C3 12V 


OV + OV 
© Wp, 10 uF 
our), Ry oF R, 
oy 2 5602 8a 
(a) (b) 
9Vv 
OV 


(d) 
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APPLICATION ACTIVITY PROBLEMS 


26. 


27. 


28. 


29. 


Assume that the public address system represented by the block diagram in Figure 7-34 has 
quit working. You find there is no signal output from the power amplifier or the preamplifier, 
but you have verified that the microphone is working. Which two blocks are the most likely to 
be the problem? How would you narrow the choice down to one block? 


Describe the output that would be observed in the push-pull amplifier of Figure 7-35 with a 
2 V rms sinusoidal input voltage if the base-emitter junction of Q) opened. 

Describe the output that would be observed in Figure 7—35 if the collector-emitter junction of 
Qs opened for the same input as in Problem 27. 

After visually inspecting the power amplifier circuit board in Figure 7—49, describe any 
problems. 


A FIGURE 7-49 


DATASHEET PROBLEMS 


30. 


31. 
32. 
33. 
34. 


Referring to the datasheet in Figure 7-50, determine the following: 

(a) minimum Bpc for the BD135 and the conditions 

(b) maximum collector-to-emitter voltage for the BD135 

(c) maximum power dissipation for the BD135 at a case temperature of 25°C 

(d) maximum continuous collector current for the BD135 

Determine the maximum power dissipation for a BD135 at a case temperature of 50°C. 
Determine the maximum power dissipation for a BD135 at an ambient temperature of 50°C. 
Describe what happens to the dc current gain as the collector current increases. 

Determine the approximate /pp for the BD135 at Jo = 20mA. 


ADVANCED PROBLEMS 


35. 


Explain why the specified maximum power dissipation of a power transistor at an ambient 
temperature of 25°C is much less than maximum power dissipation at a case temperature 
of 25°C. 


382 


Sa 


POweER AMPLIFIERS 


Tc[°C], CASE TEMPERATURE 


A FIGURE 7-50 


I.[mA], COLLECTOR CURRENT 


[<r eS reine 
FAIRCHILD 
SSS SE) 
SEMICONDUCTOR wm 
Medium Power Linear and Switching 
Applications 
* Complement to BD136, BD138 and BD140 respectively 
1 TO-126 
1. Emitter 2.Collector 3.Base 
NPN Epitaxial Silicon Transistor 
Absolute Maximum Ratings 1; = 25°C unless otherwise noted 
Symbol Parameter Value Units 
Vcso Collector-Base Voltage :BD135 45 Vv 
: BD137 60 Vv 
:BD139 80 Vv 
VcEO Collector-Emitter Voltage :BD135 45 Vv 
: BD137 60 Vv 
:BD139 80 Vv 
VeEBo Emitter-Base Voltage 5 Vv 
Io Collector Current (DC) 15 A 
lop Collector Current (Pulse) 3.0 A 
Ip Base Current 0.5 A 
Po Collector Dissipation (Tc = 25°C) 12.5 Ww 
Po Collector Dissipation (Tg = 25°C) 1.25 Ww 
Ty Junction Temperature 150 °C 
Tst6 Storage Temperature - 55 ~ 150 °C 
Electrical Characteristics 1, = 25°C unless otherwise noted 
Symbol Parameter Test Condition Min. | Typ. | Max. | Units 
Vceo(sus) Collector-Emitter Sustaining Voltage 
:BD135 Io = 30mA, Ig = 0 45 Vv 
: BD137 60 Vv 
:BD139 80 Vv 
IcBo Collector Cut-off Current Vop = 30V, le = 0 0.1 pA 
leBo Emitter Cut-off Current Vep = SV, Io = 0 10 HA 
hee DC Current Gain; ALL DEVICE Vor = 2V, Ic = 5mA 25 
Hees : ALL DEVICE Vee = 2V, I¢ = 0.5A 25 
Hees > BD135 Voe = 2V, Io = 150mA 40 250 
: BD137, BD139 40 160 
Vce(sat) Collector-Emitter Saturation Voltage Ico = 500mA, Ip = 50MA 0.5 Vv 
Vpe(on) Base-Emitter ON Voltage Vee = 2V, I¢ = 0.5A 1 Vv 
heg Classification 
Classification 6 10 16 
Rees 40 ~ 100 63 ~ 160 100 ~ 250 
20.0 100 T 
Mce = 2V 
17.5 90 
z 80 
fe) 15.0 Zz 
eb 70 
: 5 
o 125 = 
ao 5 6 
2 i 
fa) 10.0 a 50 
in a 
ul =) 
= 75 oO 40 
[e) 
a RB 30 
= 5.0 a 
= & 2 
o 2.5 
10 
0.0 0 
0 25 50 75 100 125 150 175 10 400 4000 


Copyright Fairchild Semiconductor Corporation. Used by permission. 


36. 


> FIGURE 7-51 
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Draw the de and the ac load lines for the amplifier in Figure 7—51. 


37. 


38. 


Design a swamped class A power amplifier that will operate from a dc supply of +15 V with 
an approximate voltage gain of 50. The quiescent collector current should be approximately 
500 mA, and the total de current from the supply should not exceed 750 mA. The output power 
must be at least 1 W. 


The public address system in Figure 7—34 is a portable unit that is independent of 115 V ac. 
Determine the ampere-hour rating for the +15 V and the —15 V battery supply necessary for 
the system to operate for 4 hours on a continuous basis. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the companion website. 


39. 
40. 
41. 
42. 
43. 


Open file TSP07-39 and determine the fault. 
Open file TSP07-40 and determine the fault. 
Open file TSP07-41 and determine the fault. 
Open file TSP07-42 and determine the fault. 
Open file TSP07-43 and determine the fault. 


4 
¢ 
oa 
A 
Lo 
5 


The JFET 

JFET Characteristics and Parameters 
JFET Biasing 

The Ohmic Region 

The MOSFET 

MOSFET Characteristics and Parameters 
MOSFET Biasing 

The IGBT 

Troubleshooting 

Application Activity 


Discuss the JFET and how it differs from the BJT 


Discuss, define, and apply JFET characteristics and 
parameters 


Discuss and analyze JFET biasing 

Discuss the ohmic region on a JFET characteristic curve 
Explain the operation of MOSFETs 

Discuss and apply MOSFET parameters 

Describe and analyze MOSFET bias circuits 

Discuss the IGBT 

Troubleshoot FET circuits 


JFET @ Ohmic region 
Drain @ MOSFET 
Source ¢@ Depletion 
Gate ¢@ Enhancement 
Pinch-off voltage @ IGBT 
Transconductance 


- 


EFFECT 


FIELD- 


__ TRANSISTORS (FETs) 


The Application Activity involves the electronic control 
circuits for a waste water treatment system. In particular, 
you will focus on the application of field-effect transistors in 
the sensing circuits for chemical measurements. 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


BJTs (bipolar junction transistors) were covered in previous 
chapters. Now we will discuss the second major type of 
transistor, the FET (field-effect transistor). FETs are unipolar 
devices because, unlike BJTs that use both electron and hole 
current, they operate only with one type of charge carrier. 
The two main types of FETs are the junction field-effect tran- 
sistor (JFET) and the metal oxide semiconductor field-effect 
transistor (MOSFET). The term field-effect relates to the 
depletion region formed in the channel of a FET as a result 
of a voltage applied on one of its terminals (gate). 

Recall that a BJT is a current-controlled device; that is, 
the base current controls the amount of collector current. A 
FET is different. It is a voltage-controlled device, where the 
voltage between two of the terminals (gate and source) 
controls the current through the device. A major advantage 
of FETs is their very high input resistance. Because of their 
nonlinear characteristics, they are generally not as widely 
used in amplifiers as BJTs except where very high input 
impedances are required. However, FETs are the preferred 
device in low-voltage switching applications because they are 
generally faster than BJTs when turned on and off. The IGBT 
is generally used in high-voltage switching applications. 
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8-1 THE JFET 


The JFET (junction field-effect transistor) is a type of FET that operates with a 
reverse-biased pn junction to control current in a channel. Depending on their 
structure, JFETs fall into either of two categories, n channel or p channel. 


After completing this section, you should be able to 


4 Discuss the JFET and how it differs from the BJT 
a Describe the basic structure of n-channel and p-channel JFETs 
¢ Explain a channel 


Basic Structure 


Figure 8—1(a) shows the basic structure of an n-channel JFET (junction field-effect transis- 
tor). Wire leads are connected to each end of the n-channel; the drain is at the upper end, 
and the source is at the lower end. Two p-type regions are diffused in the n-type material 
to form a channel, and both p-type regions are connected to the gate lead. For simplicity, 


the gate lead is shown connected to only one of the p regions. A p-channel JFET is shown 
in Figure 8—1(b). 


HISTORY NOTE 


Drain Drain <¢ FIGURE 8-1 


A representation of the basic struc- 
ture of the two types of JFET. 


Gate 


p channel 
[=] 


qT 


Source Source 
(a) n channel (b) p channel 


Basic Operation 
To illustrate the operation of a JFET, Figure 8—2 shows dc bias voltages applied to an 


n-channel device. Vpp provides a drain-to-source voltage and supplies current from 


-<@ FIGURE 8-2 
A biased n-channel JFET. 
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(a) JFET biased for conduction 


ST 
"Vas 


drain to source. Vgg sets the reverse-bias voltage between the gate and the source, as 
shown. 

The JFET is always operated with the gate-source pn junction reverse-biased. Reverse- 
biasing of the gate-source junction with a negative gate voltage produces a depletion re- 
gion along the pn junction, which extends into the n channel and thus increases its resist- 
ance by restricting the channel width. 

The channel width and thus the channel resistance can be controlled by varying the gate 
voltage, thereby controlling the amount of drain current, /p. Figure 8—3 illustrates this con- 
cept. The white areas represent the depletion region created by the reverse bias. It is wider 
toward the drain end of the channel because the reverse-bias voltage between the gate and 
the drain is greater than that between the gate and the source. We will discuss JFET char- 
acteristic curves and some parameters in Section 8-2. 


NUTT 
wl 


Vp = 


(b) Greater Vgc narrows the channel (between the white 
areas) which increases the resistance of the channel 
and decreases Ip. 


Rp 
TW 
i B My, | 


(c) Less Vgg widens the channel (between the white areas) which 
decreases the resistance of the channel and increases Ip. 


A FIGURE 8-3 


Effects of Vc; on channel width, resistance, and drain current (Vgg = Vg). 


JFET Symbols 


The schematic symbols for both n-channel and p-channel JFETs are shown in Figure 8-4. 
Notice that the arrow on the gate points “in” for n channel and “out” for p channel. 
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Drain (D) Drain(D) <@ FIGURE 8-4 


JFET schematic symbols. 


Gate (G) Gate (G) 


Source (S) Source (S) 
n channel p channel 


the three terminals of a JFET. 
el JFET require a positive or negative value for Vcs? 
rain current controlled in a JFET? 


8—2 JFET CHARACTERISTICS AND PARAMETERS 


The JFET operates as a voltage-controlled, constant-current device. Cutoff and pinch- 
off as well as JFET transfer characteristics are covered in this section. 


After completing this section, you should be able to 


4 Discuss, define, and apply JFET characteristics and parameters 
a Discuss the drain characteristic curve 
¢ Identify the ohmic, active, and breakdown regions of the curve 
a Define pinch-off voltage 
a Discuss breakdown 


Drain Characteristic Curve 


Consider the case when the gate-to-source voltage is zero (Vgg = 0 V). This is produced 
by shorting the gate to the source, as in Figure 8—5(a) where both are grounded. As Vpp 
(and thus Vps) is increased from 0 V, Jp will increase proportionally, as shown in the graph 
of Figure 8—5(b) between points A and B. In this area, the channel resistance is essentially 
constant because the depletion region is not large enough to have significant effect. This is 
called the ohmic region because Vpgs and Ip are related by Ohm’s law. (Ohmic region is 
discussed further in Section 8—4.) 

At point B in Figure 8—5(b), the curve levels off and enters the active region where Jp 
becomes essentially constant. As Vps increases from point B to point C, the reverse-bias 
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Ipss 


Vpp 
I wee, I 
Active region Breakdousi 
(constant current) 
A I I 
: > Vos 
= 0 Vp (pinch-off voltage) 
(a) JFET with Veg = 0 V and a variable Vpg (Vpp) (b) Drain characteristic 


A FIGURE 8-5 


The drain characteristic curve of a JFET for V¢, = 0 showing pinch-off voltage. 


voltage from gate to drain (Vgp) produces a depletion region large enough to offset the in- 
crease in Vpg, thus keeping Jp relatively constant. 


Pinch-Off Voltage For Vcs = 0 V, the value of Vps at which Jp becomes essentially 
constant (point B on the curve in Figure 8-5(b)) is the pinch-off voltage, Vp. For a given 
JFET, Vp has a fixed value. As you can see, a continued increase in Vpg above the pinch- 
off voltage produces an almost constant drain current. This value of drain current is [pss 
(Drain to Source current with gate Shorted) and is always specified on JFET datasheets. 
Ipss is the maximum drain current that a specific JFET can produce regardless of the exter- 
nal circuit, and it is always specified for the condition, Vgg = 0 V. 


Breakdown As shown in the graph in Figure 8-5(b), breakdown occurs at point C 
when Jp begins to increase very rapidly with any further increase in Vps. Breakdown can 
result in irreversible damage to the device, so JFETs are always operated below breakdown 
and within the active region (constant current) (between points B and C on the graph). The 
JFET action that produces the drain characteristic curve to the point of breakdown for 
Ves = 0 V is illustrated in Figure 8-6. 


Ves Controls Ip 


Let’s connect a bias voltage, Vgg, from gate to source as shown in Figure 8—7(a). As Ves 
is set to increasingly more negative values by adjusting Vgc, a family of drain characteristic 
curves is produced, as shown in Figure 8—7(b). Notice that Jp decreases as the magnitude 
of Vgs is increased to larger negative values because of the narrowing of the channel. 
Also notice that, for each increase in Vgg, the JFET reaches pinch-off (where constant 
current begins) at values of Vpg less than Vp. The term pinch-off is not the same as pinch- 
off voltage, Vo. Therefore, the amount of drain current is controlled by Vgzs, as illustrated 
in Figure 8-8. 


Cutoff Voltage 


The value of Vgg that makes /p approximately zero is the cutoff voltage, Vgs(ofr), as Shown 
in Figure 8—-8(d). The JFET must be operated between Veg = 0 V and V@svofr). For this 
range of gate-to-source voltages, Jp will vary from a maximum of Jpss to a minimum of 
almost zero. 
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(a) When Vpg = 0, Ip = 0. (b) Jp increases proportionally with Vpg in 
the ohmic region. 


Ipss 


f TTT 7, } 
A) I | 


(c) When Vpg = Vp, Jp is constant and equal (d) As Vpg increases further, Jp remains at 
to Ipss. Ipss until breakdown occurs. 


A FIGURE 8-6 


JFET action that produces the characteristic curve for Vg; = 0 V. 


Voei¥ 
ey 
ja=49 
Vos =-4V 
Vas = Vascort) =—5 V 

i * Vos 
me Ve= 45 V 
— = = Pinch-off when Vg, =-1 V 
(a) JFET biased at Vgg = -1 V (b) Family of drain characteristic curves 


A FIGURE 8-7 


Pinch-off occurs at a lower Vps as Vcs is increased to more negative values. 
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(oot 
Ss) 


(b) When Vgg is negative, Jp decreases and is constant 
above pinch-off, which is less than Vp. 


Vescott) Rp 


WNIT, ) 
go 
© 


© 


(c) As Vgg is made more negative, Jp continues to decrease (d) Until Veg = —Vescorr, Jp Continues to decrease. 
but is constant above pinch-off, which has also decreased. When Vg 2 —Vagyort Jp = 0. 


A FIGURE 8-8 


Vcs controls Ip. 


As you have seen, for an n-channel JFET, the more negative Vgs is, the smaller [p be- 
comes in the active region. When Vgg has a sufficiently large negative value, [p is reduced 
to zero. This cutoff effect is caused by the widening of the depletion region to a point 
where it completely closes the channel, as shown in Figure 8-9. 


» FIGURE 8-9 
JFET at cutoff. 


Voscott) Ry 


ROW 
Sia 


+ 


The basic operation of a p-channel JFET is the same as for an n-channel device ex- 
cept that a p-channel JFET requires a negative Vpp and a positive Vgg, as illustrated in 
Figure 8-10. 


Comparison of Pinch-Off Voltage and Cutoff Voltage 


As you have seen, there is a difference between pinch-off and cutoff voltages. There is 
also a connection. The pinch-off voltage Vp is the value of Vpgs at which the drain current 
becomes constant and equal to Jpsg and is always measured at Vgs = O V. However, 
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<< FIGURE 8-10 
A biased p-channel JFET. 


pinch-off occurs for Vpg values less than Vp when Vgg is nonzero. So, although Vp is a 
constant, the minimum value of Vps at which Jp becomes constant varies with Vgs. 
Vesvort) and Vp are always equal in magnitude but opposite in sign. A datasheet usually 
will give either Vgscofr) Or Vp, but not both. However, when you know one, you have the 
other. For example, if Vesiors) = —5 V, then Vp = +5 V, as shown in Figure 8—7(b). 


EXAMPLE 8-1 For the JFET in Figure 8-11, Vgsiors) = —4 V andIpss = 12 mA. Determine the 
minimum value of Vpp required to put the device in the constant-current region of op- 
eration when Vgs = 0 V. 


» FIGURE 8-11 


Solution Since Vgsiory) = —4 V, Vp = 4 V. The minimum value of Vpg for the JFET to be in its 
constant-current region is 


Vps = Vp = 4V 
Tn the constant-current region with Vgs = 0 V, 
Ip = Ipss = 12 mA 
The drop across the drain resistor is 
Vr, = IpRp = (12 mA)(560 0) = 6.72 V 
Apply Kirchhoff’s law around the drain circuit. 
piesa Yee — 4 V + 6.72 V = 10.7V 


This is the value of Vpp to make Vpg = Vp and put the device in the constant-current 
region. 


Related Problem’ If Vpp is increased to 15 V, what is the drain current? 


“Answers can be found at www.pearsonhighered.com/floyd. 
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EXAMPLE 8-2 


Solution 


Related Problem 


A particular p-channel JFET has a Vegiorr) = +4 V. What is Jp when Veg = +6 V? 


The p-channel JFET requires a positive gate-to-source voltage. The more positive the 
voltage, the less the drain current. When Vgsg = 4 V, Jp = 0. Any further increase in 
Vos keeps the JFET cut off, so Jp remains 0. 


What is Vp for the JFET described in this example? 


» FIGURE 8-12 


JFET universal transfer characteristic 
curve (n-channel). 


JFET Universal Transfer Characteristic 


You have learned that a range of Vgs values from zero to Vso) controls the amount of drain 
current. For an n-channel JFET, Vosofp is negative, and for a p-channel JFET, Vesorp iS pos- 
itive. Because Vgs does control Jp, the relationship between these two quantities is very 
important. Figure 8-12 is a general transfer characteristic curve that illustrates graphically 
the relationship between Vgg and Ip. This curve is also known as a transconductance curve. 


In 
A 


Ipss 


Ll | 
O.5VEsorr) 9-3VEsvorr) 0 


Vos < 
Vosvott) 


Notice that the bottom end of the curve is at a point on the Vgs axis equal to Vgsorr), 
and the top end of the curve is at a point on the Jp axis equal to Ipgs. This curve shows that 


Ip =0 when Ves = Vascoft) 


Ipss 
i= oe when Ves = 0.5V@svorr) 
_ Iss _ 
ips = when Ves = 0.3Vgsvort) 


and 
Ip = Ipss when Ves =0 


The transfer characteristic curve can also be developed from the drain characteristic 
curves by plotting values of Jp for the values of Vgg taken from the family of drain curves 
at pinch-off, as illustrated in Figure 8-13 for a specific set of curves. Each point on the 
transfer characteristic curve corresponds to specific values of Vgg and Jp on the drain 
curves. For example, when Vos = —2 V, Jp = 4.32 mA. Also, for this specific JFET, 
Vescott) = —5 V and Ipss = 12mA. 
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Vos =0 


Vos =-1 V 


Vs(off) 


A FIGURE 8-13 


Example of the development of an n-channel JFET transfer characteristic curve (blue) from the JFET 
drain characteristic curves (green). 


A JFET transfer characteristic curve is expressed approximately as 


Ip = Ioss(1 == ) Equation 8-1 
Vesvott) 
With Equation 8-1, /p can be determined for any Vgg if Vggorr) and Jpgg are known. These 
quantities are usually available from the datasheet for a given JFET. Notice the squared 
term in the equation. Because of its form, a parabolic relationship is known as a square 
law, and therefore, JFETs and MOSFETs are often referred to as square-law devices. 
The datasheet for a typical JFET series is shown in Figure 8-14. 
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EXAMPLE 8-3 The partial datasheet in Figure 8-14 for a 2N5459 JFET indicates that typically 
Ipss = 9 mA and VeEsorf) = —8 V (maximum). Using these values, determine the 
drain current for Ves = 0 V, —1 V, and —4 V. 


Solution For Ves = 0 V, 
Ip = Ipss = 9mA 
For Vos = —1 V, use Equation 8-1. 
Ioss( 1 - os) = (9mA) (1 - =) 
Vas(off) Oy. 
= (9mA)(1 — 0.125)? = (9 mA)(0.766) = 6.89 mA 
For Ves = —4 V, 


Ih 


Ip 


2 
ln = © may( = =) = (9mA)(1 — 0.5)” = (9mA)(0.25) = 2.25mA 


Related Problem Determine Ip for Vgs = —3 V for the 2N5459 JFET. 
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» FIGURE 8-14 
aaa) 
JFET partial datasheet. Copyright FAIRCHILD 


Fairchild Semiconductor SEMICONDUCTOR w 


Corporation. Used by permission. 2N5457 MMBF5457 
2N5458 MMBF5458 
2N5459 MMBF5459 


Ss 


SOT-23 D _ NOTE: Source & Drain 
Mark: 6D / 61S / 6L are interchangeable 


N-Channel General Purpose Amplifier 
This device is a low level audio amplifier and switching transistors, 


and can be used for analog switching applications. Sourced from 
Process 55. 


Absolute Maximum Ratings* — 1a=25:cuniess otherwise noted 


Symbol Parameter Value 
Drain-Gate Voltage 25 


Gate-Source Voltage - 25 


Forward Gate Current 10 


Ty, Tstg Operating and Storage Junction Temperature Range -55 to +150 


*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


NOTES: 
1) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations. 


Thermal Characteristics — 14225°cuntess otherwise noted 


Symbol Characteristic Max 


2N5457-5459 *MMBF5457-5459 


Po Total Device Dissipation 625 350 
Derate above 25°C 5.0 2.8 
Rec Thermal Resistance, Junction to Case 125 


Roa Thermal Resistance, Junction to Ambient 357 556 


*Device mounted on FR-4 PCB 1.6" X 1.6"X 0.06." 


Electrical Characteristics  ta=25°C unless otherwise noted 


Symbol Parameter Test Conditions 


OFF CHARACTERISTICS 
Vier)ass Gate-Source Breakdown Voltage Ia = 10 pA, Vos = 0 

less Gate Reverse Current Ves =-15 V, Vos = 0 

Ves = -15 V, Vos = 0, Ta = 100°C 
Vasott) Gate-Source Cutoff Voltage Vos = 15 V, Ip = 10 nA 5457 
5458 
5459 
Vas Gate-Source Voltage Vos=15V,lp=100pA 5457 
Vos=15V,Ip=200pA 5458 
Vos =15V,lp=400nA 5459 


ON CHARACTERISTICS 
loss Zero-Gate Voltage Drain Current* | Vps = 15 V, Vas = 0 


SMALL SIGNAL CHARACTERISTICS 
Forward Transfer Conductance” Vos = 15 V, Vas = 0, f = 1.0 kHz 
5457 
5458 
5459 
Output Conductance* Vos = 15 V, Vas = 0, f = 1.0 kHz 10 50 
Input Capacitance Vos = 15 V, Vas = 0, f = 1.0 MHz 4.5 7.0 pF 
Reverse Transfer Capacitance Vos = 15 V, Vas = 0, f = 1.0 MHz 15: 3.0 pF 
Noise Figure Vos = 15 V, Vas = 0, f = 1.0 kHz, 3.0 dB 
Re = 1.0 megohm, BW .0 Hz 


*Pulse Test: Pulse Width <300 ms, Duty Cycle <2% 
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JFET Forward Transconductance 


The forward transconductance (transfer conductance), g,,, is the change in drain current 
(AJp) for a given change in gate-to-source voltage (A Vgs) with the drain-to-source voltage 
constant. It is expressed as a ratio and has the unit of siemens (S). 


_ Alp 
&m A Vas 


Other common designations for this parameter are g,, and ys, (forward transfer admit- 
tance). As you will see in Chapter 9, g,, is an important factor in determining the voltage 
gain of a FET amplifier. 

Because the transfer characteristic curve for a JFET is nonlinear, g,,, varies in value depend- 
ing on the location on the curve as set by Vgs. The value for g,, is greater near the top of the 
curve (near Vgg = 0) than it is near the bottom (near V@g(ory), as illustrated in Figure 8-15. 


Ip 


Alp 

§m2 = NVag 
8m2 > 8mi 

= Alt, 

§mli AViec 


Vos = 0 


A datasheet normally gives the value of g,, measured at Vgg = 0 V (g,.9). For example, 
the datasheet for the 2N5457 JFET specifies a minimum g,n9 (g/;) of 1000 zxmhos (the mho 
is the same unit as the siemens (S)) with Vps = 15 V. 

Given g,,9, you can calculate an approximate value for g,, at any point on the transfer 
characteristic curve using the following formula: 


m Ves 
&m = &m0 1- V, 
GS(off) 


When a value of g,,. is not available, you can calculate it using values of Ipgg and 
Vascorr): The vertical lines indicate an absolute value (no sign). 


: 2Ipss 
2s 
” | Vescorr)| 


<< FIGURE 8-15 


$m Varies depending on the bias 
point (V¢<). 


Equation 8-2 


Equation 8-3 


EXAMPLE 8-4 The following information is included on the datasheet in Figure 8—14 for a 2N5457 
JFET: typically, Ipss = 3.0 mA, Vesorr) = —6 V maximum, and gymay) = 5000 pS. 
Using these values, determine the forward transconductance for Vgg = —4 V, and 


find Jp at this point. 
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Solution 


Related Problem 


8m0 = 8s = 5000 pS. Use Equation 8-2 to calculate g,,. 


Vv 
= (5000 nS)( 1 — —— ] = 1667 pS 
) ( 19) =") pb 


Vos 
Vescott) 


§&m — sno | = 


Next, use Equation 8—1 to calculate Ip at Vgg = —4 V. 


Ves \? —4v\? 
Ip = Ipss I = (BO invs\)| 1] ee = 333 pA 
GS(off) =O" 


A given JFET has the following characteristics: Ipgg = 12 mA, Vesorr, = —5 V, and 
8m0 = 8s = 3000 pS. Find g,, and Jp when Veg = —2 V. 


Input Resistance and Capacitance 


As you know, a JFET operates with its gate-source junction reverse-biased, which makes 
the input resistance at the gate very high. This high input resistance is one advantage of the 
JFET over the BJT. (Recall that a bipolar junction transistor operates with a forward-biased 
base-emitter junction.) JFET datasheets often specify the input resistance by giving a value 
for the gate reverse current, Jggs, at a certain gate-to-source voltage. The input resistance 
can then be determined using the following equation, where the vertical lines indicate an 
absolute value (no sign): 


Vos 


Rin = 
Toss 


For example, the 2N5457 datasheet in Figure 8-14 lists a maximum Jggs of —1.0 nA for 
Vgs = —15 V at 25°C. Igss increases with temperature, so the input resistance decreases. 

The input capacitance, C;;,, is a result of the JFET operating with a reverse-biased pn 
junction. Recall that a reverse-biased pn junction acts as a capacitor whose capacitance de- 
pends on the amount of reverse voltage. For example, the 2N5457 has a maximum C;,, of 
7 pF for Vgs = 0. 


EXAMPLE 8-5 


Solution 


Related Problem 


A certain JFET has an Jgsg of —2 nA for Vgg = —20 V. Determine the input 

resistance. 

_ 20V 
2nA 


Vas 
Tgss 


Rin = 


= 10,000 MO 


Determine the input resistance for the 2N5458 from the datasheet in Figure 8-14. 


AC Drain-to-Source Resistance 


You learned from the drain characteristic curve that, above pinch-off, the drain current is 
relatively constant over a range of drain-to-source voltages. Therefore, a large change in 
Vps produces only a very small change in Jp. The ratio of these changes is the ac drain-to- 
source resistance of the device, rj. 


‘ AVps 
Me bde, 


Datasheets often specify this parameter in terms of the output conductance, g,,, or output 
admittance, y,;, for Ves = 0 V. 
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ce voltage at the pinch-off point of a particular JFET is 7 V. If the 
voltage is zero, what is Vp? 


ertain n-channel JFET is increased negatively. Does the drain current 
se? 


must V¢s have to produce cutoff in a p-channel JFET with a V, = —3 V? 


8-3 JFET BIASING 


Using some of the JFET parameters discussed previously, you will now see how to 
dc-bias JFETs. Just as with the BJT, the purpose of biasing is to select the proper dc 
gate-to-source voltage to establish a desired value of drain current and, thus, a proper 
Q-point. Three types of bias are self-bias, voltage-divider bias, and current-source bias. 


After completing this section, you should be able to 


a Discuss and analyze JFET biasing 
Describe self-bias 
2c ate J 


[al 


Self-Bias 


Self-bias is the most common type of JFET bias. Recall that a JEET must be operated such 
that the gate-source junction is always reverse-biased. This condition requires a negative 
Vas for an n-channel JFET and a positive Vgg for a p-channel JFET. This can be achieved 
using the self-bias arrangements shown in Figure 8-16. The gate resistor, Rg, does not af- 
fect the bias because it has essentially no voltage drop across it; and therefore the gate re- 
mains at 0 V. Rg is necessary only to force the gate to be at 0 V and to isolate an ac signal 
from ground in amplifier applications, as you will see later. 


+Vpp —-Vpp <¢ FIGURE 8-16 


if i; Self-biased JFETs (Ig = Ip in all FETs). 
Shp Shp 


Vg=0V Vg=0V 


(a) n channel (b) p channel 
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For the n-channel JFET in Figure 8—16(a), Js produces a voltage drop across Rg and 
makes the source positive with respect to ground. Since Is = Jp and Vg = 0, then Vs = IpRs. 
The gate-to-source voltage is 


Vos = Ve — Vs = 0 — IpRs = —IpRs 
Thus, 
Ves = —IpRs 


For the p-channel JFET shown in Figure 8—16(b), the current through Rs produces a nega- 
tive voltage at the source, making the gate positive with respect to the source. Therefore, 
since I = Ip, 


Ves = +IpRs 


In the following example, the n-channel JFET in Figure 8—16(a) is used for illustration. 
Keep in mind that analysis of the p-channel JFET is the same except for opposite-polarity 
voltages. The drain voltage with respect to ground is determined as follows: 


Vp = Vpp — IpRp 
Since Vs = IpRs, the drain-to-source voltage is 


Vos = Vp — Vs = Vpp — Ip(Rp + Rs) 


0) = 1L1V 
’— (5mA)(1.0kQ) = 15V —5V = 10V 


—Vs=10V—-11V=89V 


Vs = 0V-11V = -11V 


Related Problem Determine Vps and Vgg in Figure 8-17 when Jp = 8 mA. Assume that Rp = 8600, 


Rs = 390 OF and Vpp = AN, 


Open the Multisim file E08-06 in the Examples folder on the companion website. 
Measure Ip, Vgs, and Vps and compare to the calculated values from the Related 
Problem. 


Setting the Q-Point of a Self-Biased JFET 


The basic approach to establishing a JFET bias point is to determine /p for a desired value 
of Vgs or vice versa. Then calculate the required value of Rs using the following relation- 
ship. The vertical lines indicate an absolute value. 


For a desired value of Vag, Jp can be determined in either of two ways: from the trans- 
fer characteristic curve for the particular JFET or, more practically, from Equation 8-1 
using Jpss and V@siorr) from the JFET datasheet. The next two examples illustrate these 
procedures. 


EXAMPLE 8-7 Determine the value of Rg required to self-bias an n-channel JFET that has the transfer 


characteristic curve shown in Figure 8-18 at Vgg = —SV. 


VGscott) 


FIGURE 8-18 


Solution From the graph, [p = 6.25 mA when Veg = —5 V. Calculate Rs. 


5 W 
6.25 mA 


= 800 0 


Related Problem Find Rs for Veg = —3 V. 
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EXAMPLE 8-8 


Solution 


Related Problem 


Determine the value of Rs required to self-bias a p-channel JFET with datasheet values 
of Ipss = 25 mA and Vescoft) =15V. Ves is to be 5 V. 


Use Equation 8-1 to calculate Jp. 


V, = sy \- 
iy = Ioss( = | = (25 may( = a) 
Vascoff) 


(25mA)(1 — 0.333)° = 


| 
B 
> 


Now, determine Rs. 


Savi 


= 450 0, 
11.1mA 


Rs = 


| Vos 
Ip 


Find the value of Rg required to self-bias a p-channel JFET with Ipgg = 18 mA and 
Vescoft) = 8 V. Ves =4 V. 


Midpoint Bias It is usually desirable to bias a JFET near the midpoint of its transfer 
characteristic curve where Ip = Ipss/2. Under signal conditions, midpoint bias allows the 
maximum amount of drain current swing between [pgg and 0. For Equation 8-1, it can be 
shown that Jp is approximately one-half of [pss when Vgg = Vasvorr)/3.4. The derivation 
is given in “Derivations of Selected Equations” at www.pearsonhighered.com/floyd. 


Vos \? Vescort)/3.4\? 
Ip = Doss - ) = Ipss| 1 = 0.5/pss 
Vascott) Veascoff) 


So, by selecting Vgs = Vasvorr)/3.4, you should get a midpoint bias in terms of Jp. 

To set the drain voltage at midpoint (Vp = Vpp/2), select a value of Rp to produce the 
desired voltage drop. Choose Rg arbitrarily large to prevent loading on the driving stage in 
a cascaded amplifier arrangement. Example 8-9 illustrates these concepts. 


EXAMPLE 8-9 


Looking at the datasheet in Figure 8—14, select resistor values for Rp and Rg in Figure 
8-19 to set up an approximate midpoint bias. Use minimum datasheet values when 
given; otherwise, Vp should be approximately 6 V (one-half of Vpp). 


» FIGURE 8-19 


Vop 
+12V 


2N5457 


Rs 
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(Uj a 


values for Rp and Rg from the Related Problem. Verify 
Ss is established by measuring Vp and Jp. 


Graphical Analysis of a Self-Biased JFET 


You can use the transfer characteristic curve of a JFET and certain parameters to deter- 
mine the Q-point (/p and Vgs) of a self-biased circuit. A circuit is shown in Figure 
8—20(a), and a transfer characteristic curve is shown in Figure 8—20(b). If a curve is not 
available from a datasheet, you can plot it from Equation 8—1 using datasheet values for 
Ipss and Vegcort)- 


Tp (mA) <4 FIGURE 8-20 
‘ A self-biased JFET and its transfer 
characteristic curve. 
10 Ipss 
+Vpp 

Rp 

1.0k0. 
Rg Rs 
10 MQ 470 0 —Vgs (V) + 7 0 


= = V@s(ott) 
(a) (b) 
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To determine the Q-point of the circuit in Figure 8—20(a), a self-bias dc load line is es- 
tablished on the graph in part (b) as follows. First, calculate Vgg when Jp is zero. 
Vos = —IpRs = (0)(470 0) = OV 
This establishes a point at the origin on the graph Up = 0, Ves = 0). Next, calculate Ves 
when Ip = Ipss. From the curve in Figure 8—20(b), Ipsgs = 10 mA. 
Vos = —IpRs = —(10mA)(470 0) = —4.7V 


This establishes a second point on the graph Up = 10mA, Ves = —4.7 V). Now, with 
two points, the load line can be drawn on the transfer characteristic curve as shown in 
Figure 8-21. The point where the load line intersects the transfer characteristic curve is the 
Q-point of the circuit as shown, where Ip = 5.07 mA and Veg = —2.3 V. 


» FIGURE 8-21 Ip (mA) 
A 
The intersection of the self-bias dc 
load line and the transfer character- 
istic curve is the Q-point. 
Q P 10 Ipss 
| \Load line 
iT 
i 
I 
I 
0) 5.07 
I | 
T 
| 
| 
i 
Vas (V) & 7 ae 0 


Vesvott) 


or the JFET circuit in Figure 8-22(a). The transfer characteris- 


Tp (mA) 
A 


Solution 


Related Problem 
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For Jp = 0, 
Vos = —IpRs = (0)(680 QO) = OV 
This gives a point at the origin. From the curve, Ipgg = 4 mA; so Ip = Ipss = 4 mA. 
Ves = —IpRs = —(4mA)(680 1) = —2.72 V 


This gives a second point at 4 mA and —2.72 V. A line is now drawn between the two 
points, and the values of [p and Vgs at the intersection of the line and the curve are taken 
from the graph, as illustrated in Figure 8—22(b). The Q-point values from the graph are 
Ip = 2.25mA 
Ves ——— 15) Vi 


If Rg is increased to 1.0kQ in Figure 8—22(a), what is the new Q-point? 


For increased Q-point stability, the value of Rg in the self-bias circuit is increased and 
connected to a negative supply voltage. This is sometimes called dual-supply bias. 


Voltage-Divider Bias 


An n-channel JFET with voltage-divider bias is shown in Figure 8—23. The voltage at the 
source of the JFET must be more positive than the voltage at the gate in order to keep the 


gate-source junction reverse-biased. 


The source voltage is 


+Vpp 4. FIGURE 8-23 


An n-channel JFET with voltage- 
° divider bias (I; = Ip). 
D 


Vs = IpRs 


The gate voltage is set by resistors R,; and R, as expressed by the following equation using 


the voltage-divider formula: 


The gate-to-source voltage is 


and the source voltage is 
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The drain current can be expressed as 


Substituting for Vs, 


EXAMPLE 8-11 


Solution 


Related Problem 


Determine /p and Vgg for the JFET with voltage-divider bias in Figure 8-24, given 
that for this particular JFET the parameter values are such that Vp = 7 V. 


FIGURE 8-24 


Vop 
+12V 
ie) 


Rp 
3.3kO 


Vow = Vin WY = WAY 5V 
Rp © SErCmReET © 


Ip = = 1.52mA 


Calculate the gate-to-source voltage as follows: 


ie (152 mA\22kO) = 3.34 V 


v ( Ra yy (oMe ev 1.54V 
cere) PP \78Mo 


Ves = Vg = Vy = 154V — 3.34V = -1.8V 


If Vp had not been given in this example, the Q-point values could not have been 
found without the transfer characteristic curve. 


Given that Vp = 6 V when another JFET is inserted in the circuit of Figure 8-24, 
determine the Q-point. 


Graphical Analysis of a JFET with Voltage-Divider Bias 


An approach similar to the one used for self-bias can be used with voltage-divider bias to 
graphically determine the Q-point of a circuit on the transfer characteristic curve. 

In a JFET with voltage-divider bias when Jp = 0, Vas is not zero, as in the self-biased 
case, because the voltage divider produces a voltage at the gate independent of the drain 
current. The voltage-divider dc load line is determined as follows. 

For Ip = 0, 


Vs = IpRs = (0)Rs = OV 
Ves = Vo Vs = Veg OV=Vo 


Therefore, one point on the line is at Jy = O and Veg = Vg. 
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For Ves = 0, 
Vo — Ves _ Ve 


E —f 
" Rs Rs 


A second point on the line is at Jp = VG/Rs and Vgg = 0. The generalized dc load line is 
shown in Figure 8—25. The point at which the load line intersects the transfer characteristic 
curve is the Q-point. 


Ipss 


—-Vos + > 
Ves(ott) 0 Vo 


A FIGURE 8-25 


Generalized dc load line (red) for a JFET with voltage-divider bias. 


Tp (mA) 


A 
12 Ipss 


1.2 


> Ves (V) 
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Solution 


Related Problem 


First, establish the two points for the load line. For Ip = 0, 
R, + Ro 44MO 
The first point is at Jp = O and Vgs = 4 V. For Ves = 0, 
Vg -— Ves Vo 4V 


In = - - - 
i Rs pe 8 33k0 


1.2mA 


The second point is at Jp = 1.2 mA and Veg = 0. 
The load line is drawn in Figure 8—26(b), and the approximate Q-point values of 
Ip = 1.8mA and Veg; = —1.8 V are picked off the graph, as indicated. 


Change Rs to 4.7 kO, and determine the Q-point for the circuit in Figure 8—26(a). 


Open the Multisim file E08-12 in the Examples folder on the companion website. 
Measure the Q-point values of Jp and Vgg and see how they compare to the graphi- 
cally determined values from the Related Problem. 


Q-Point Stability 


Unfortunately, the transfer characteristic of a JFET can differ considerably from one 
device to another of the same type. If, for example, a 2N5459 JFET is replaced in a given 
bias circuit with another 2N5459, the transfer characteristic curve can vary greatly, as 
illustrated in Figure 8—27(a). In this case, the maximum Jpgg is 16 mA and the minimum 
Ipss is 4 mA. Likewise, the maximum VgsioFr) is — 8 V and the minimum VggioFr) is —2 V. 
This means that if you have a selection of 2N5459s and you randomly pick one out, it can 
have values anywhere within these ranges. 


Ip (mA) Ip 
A 


16 Ipss Iss 


4 Ipnss 


Vos (V) < 


=8 2 0 Vest 0 
Vos(off) Vasvott) 


A FIGURE 8-27 
Variation in the transfer characteristic of 2N5459 JFETs and the effect on the Q-point. 


If a self-bias dc load line is drawn as illustrated in Figure 8—27(b), the same circuit 
using a 2N5459 can have a Q-point anywhere along the line from Q), the minimum bias 
point, to Q>, the maximum bias point. Accordingly, the drain current can be any value 
between Jp, and Jp, as shown by the shaded area. This means that the dc voltage at the 
drain can have a range of values depending on Ip. Also, the gate-to-source voltage can 
be any value between Veg, and Vaso, as indicated. 

Figure 8—28 illustrates Q-point stability for a self-biased JFET and for a JFET with voltage- 
divider bias. With voltage-divider bias, the dependency of Jp on the range of Q-points is 
reduced because the slope of the load line is less than for self-bias for a given JFET. 
Although Vgs varies quite a bit for both self-bias and voltage-divider bias, Jp is much more 
stable with voltage-divider bias. 
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-Ves 4 


Vos ~< 


(a) Self-bias (b) Voltage-divider bias 


A FIGURE 8-28 


The change in Ip between the minimum and the maximum Q-points is much less for a JFET with 
voltage-divider bias than for a self-biased JFET. 


Current-Source Bias 


Current-source bias is a method for increasing the Q-point stability of a self-biased 
JFET by making the drain current essentially independent of Vgg. This is accomplished 
by using a constant-current source in series with the JFET source, as shown in Figure 
8—29(a). In this circuit, a BJT acts as the constant-current source because its emitter 
current is essentially constant if Veg => Vpr. A FET can also be used as a constant- 
current source. 

Vee — Vaz _ VEE 


(a = 
‘ Re Re 


Since Jz = Ip, 


V 
Rg 


As you can see in Figure 8—29(b), Jp remains constant for any transfer characteristic 
curve, as indicated by the horizontal load line. 


° 


407 
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Vpp 
° In 
A 
S% 
Rg 
Constant-current source 
a 
Qy on ioe Veg 
= fe) ORE 
Veg 
—Vos + 
GS 0 
(a) Circuit (b) Transfer characteristic 


A FIGURE 8-29 


Current-source bias. 


re 8—29 has the following values: Vpp = 9 V, 


uch does Ip change? 


have a positive or a negative Vcs? 
1 n-channel JFET circuit, 1) = 8mA and Ry = 1.0k. Deter- 


ith voltage-divider bias has a gate voltage of 3 V and a source volt- 
GS: 


8-4 THE OHMIC REGION 


The ohmic region is the portion of the FET characteristic curves in which Ohm’s law 


Ci nen poieay 
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The ohmic region extends from the origin of the characteristic curves to the break point 
(where the active region begins) of the Vgg = 0 curve in a roughly parabolic shape, as 
shown on a typical set of curves in Figure 8-30. The characteristic curves in this region 
have a relatively constant slope for small values of Ip. The slope of the characteristic curve 
in the ohmic region is the de drain-to-source conductance Gpg of the JFET. 

Ip 
Slope = Gps = = 
Vps 
Recall from your basic circuits course that resistance is the reciprocal of the conductance. 
Thus, the de drain-to-source resistance is given by 


re 1 _ Vps 
p= 727 = 
Gps Ip 
Tp (mA) 
A 
3.0 
Vos =0V 
Ohmic region ae st 
2.0 
Vos=-1V 
1.0 
Vog=-2V 
Vos = 3 Vv 
Vos =-4.V 
Vs _________» Vp, (V) 
4.0 8.0 12 c 


The JFET as a Variable Resistance A JFET can be biased in either the active region or 
the ohmic region. JFETs are often biased in the ohmic region for use as a voltage- 
controlled variable resistor. The control voltage is Vgs, and it determines the resistance by 
varying the Q-point. To bias a JFET in the ohmic region, the dc load line must intersect the 
characteristic curve in the ohmic region, as illustrated in Figure 8-31. To do this in a way 
that allows Vgg to control Rpg, the dc saturation current is set for a value much less than 
Ipss So that the load line intersects most of the characteristic curves in the ohmic region, as 
illustrated. In this case, 


re = oe 2 
De Rp «| 24RD 


= 0.50 mA 


Figure 8-31 shows the operating region expanded with three Q-points shown (Qo, Q), and 
Q>), depending on Vgs. 


<q FIGURE 8-30 


The ohmic region is the shaded area. 
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Control 
voltage 


A FIGURE 8-31 


Vps (V) 


The load line intersects the curves inside the ohmic region. 


As you move along the load line in the ohmic region of Figure 8—31, the value of Rps 
varies as the Q-point falls successively on curves with different slopes. The Q-point is 
moved along the load line by varying Vgg = 0 to Veg = —2 V, in this case. As this hap- 
pens, the slope of each successive curve is less than the previous one. A decrease in slope 
corresponds to less Jp and more Vpgs, which implies an increase in Rpg. This change in 
resistance can be exploited in a number of applications where voltage control of a resist- 


ance is useful. 


EXAMPLE 8-14 


Control D 
voltage 


A FIGURE 8-32 


An n-channel JFET is biased in the ohmic region as shown in Figure 8-32. The 
graph shows an expanded section of the load line in the ohmic region. As Vg is 


0.6 


0.4 


0.2 


Ip (mA) 
A 
Vent Y Ve 8¥ 
Voaet¥ 
(a3 
Load line 
ee 
0 
= Voc) 
0 0.5 1.0 15 


varied from 0 V to —3 V as indicated, assume that the graph shows the following 


Q-point values: 


Qo: Ip = 0.360 mA, Vps = 0.13 V 
Qi: Ip = 0.355 mA, Vps = 0.27V 
QO»: Ip = 0.350 mA, Vps = 0.42 V 
03: Ip = 0.33 mA, Vps = 0.97 V 
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Determine the range of Rpg as Vgs is varied from 0 V to —3 V. 


Solution 
Oe i. mB mr me 
gong == OEY 
Or Kps = - = ee = (210) 
Q3: Rps = a = oe = GN) 


When Vgzg is varied from 0 V to —3 V, Rps changes from 361 © to 2.9kQ. 


Related Problem If Ipysar) is reduced, what happens to the range of Rpg values? 


. 2 
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Q-point at the Origin Incertain amplifiers, you may want to change the resistance seen 
by the ac signal without affecting the dc bias in order to control the gain. Sometimes you 
will see a JFET used as a variable resistance in a circuit where both Jp and Vpg are set at 0, 
which means that the Q-point is at the origin. A Q-point at the origin is achieved by using 
a capacitor in the drain circuit of the JFET. This makes the dc quantities Vpxs = 0 V and 
Ip = OmA, so the only variables are Vgg and J,, the ac drain current. At the origin you have 
the ac drain current controlled by Vag. As you learned earlier, transconductance is defined 
as a change in drain current for a given change in gate-to-source voltage. So, the key factor 
when you bias at the origin is the transconductance. Figure 8—33 shows the characteristic 
curves expanded at the origin. Notice that the ohmic region extends into the third quadrant. 


Tp (mA) 


Vos (VY) 


A FIGURE 8-33 
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At the origin, where Vps = 0 V and Jp = O mA, the formula for transconductance, 
introduced earlier in this chapter, is 


7 Vas 
8m = &mo\ 1 — V, 
GS (off) 


where g,, is transconductance and g,,q is transconductance for Vgg = 0 V. g,,9 can be cal- 
culated from the following equation, which was also given earlier: 


eae 2Ipss 
2 
™ —— |Vescorr) 
EXAMPLE 8-15 For the characteristic curve in Figure 8-33, calculate the ac drain-to-source resistance for a 


JFET biased at the origin if Ves = —2 V. Assume Ipss = 2.5 mA and Vesvoff) = -4V. 


Solution First, find the transconductance for Vgg = 0 V. 


- 2Ipss BS: 2(25 mA) 
lVescorn| 4.0V 


8&mo = 1.25mS 


Next, calculate g,, at Vps = —2V. 


V = 
8m = swo( | _—— ) = 1.25 ms (1 = ) = 0.625 mS 
Vesvoff) Ai 


The ac drain-to-source resistance of the JFET is the reciprocal of the transconductance. 


a 
&m 0.625 mS 


La 
Yds = 


= 16k0 


Related Problem What is the ac drain-to-source resistance if Vgg = —1 V? 


int in the ohmic region, Ip = 0.3 mA and Vps = 0.6 V. What is 
e JFET when it is biased at this Q-point? 


1-to-source resistance change as Vg; becomes more negative? 
d at the origin, g,, = 0.850 mS. Determine the corresponding ac 


8-5 THE MOSFET 


The MOSFET (metal oxide semiconductor field-effect transistor) is another category 
of field-effect transistor. The MOSFET, different from the JFET, has no pn junction 
structure; instead, the gate of the MOSFET is insulated from the channel by a silicon 
dioxide (SiO) layer. The two basic types of MOSFETs are enhancement (E) and deple- 
tion (D). Of the two types, the enhancement MOSFET is more widely used. Because 
polycrystalline silicon is now used for the gate material instead of metal, these devices 
are sometimes called IGFETs (insulated-gate FETs). 


Enhancement MOSFET (E-MOSFET) 


The E-MOSFET operates only in the enhancement mode and has no depletion mode. It 
differs in construction from the D-MOSFET, which is discussed next, in that it has no 
structural channel. Notice in Figure 8—34(a) that the substrate extends completely to the 
SiO, layer. For an n-channel device, a positive gate voltage above a threshold value 
induces a channel by creating a thin layer of negative charges in the substrate region adja- 
cent to the SiO, layer, as shown in Figure 8—34(b). The conductivity of the channel is 
enhanced by increasing the gate-to-source voltage and thus pulling more electrons into 
the channel area. For any gate voltage below the threshold value, there is no channel. 


Rp 
Drain 
tol 
SiO, Induced 
channel a 
if —Lt 
Gate P substrate i a Vop 
+ 
+ 
Yoo = 
Source 
(a) Basic construction (b) Induced channel (Vggs > Veschy) 


A FIGURE 8-34 


Representation of the basic E-MOSFET construction and operation (n-channel). 


The schematic symbols for the n-channel and p-channel E-MOSFETs are shown in 
Figure 8-35. The broken lines symbolize the absence of a physical channel. An inward- 
pointing substrate arrow is for n channel, and an outward-pointing arrow is for p channel. 
Some E-MOSFET devices have a separate substrate connection. 


THE MOSFET 
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> FIGURE 8-35 Drain Drain 
E-MOSFET schematic symbols. 


Gate Gate 


Source Source 


n channel p channel 


Depletion MOSFET (D-MOSFET) 


Another type of MOSFET is the depletion MOSFET (D-MOSFET), and Figure 8—36 
illustrates its basic structure. The drain and source are diffused into the substrate material 
and then connected by a narrow channel adjacent to the insulated gate. Both n-channel and 
p-channel devices are shown in the figure. We will use the n-channel device to describe the 
basic operation. The p-channel operation is the same, except the voltage polarities are 
opposite those of the n-channel. 


Drain Drain 


SiO, Si0, 
Polycrystalline 


silicone 


Polycrystalline 
silicone 


Gate Gate 
Channel & P Channel 


substrate 


substrate 


Source Source 
(a) n channel (b) p channel 


A FIGURE 8-36 
Representation of the basic structure of D-MOSFETs. 


The D-MOSFET can be operated in either of two modes—the depletion mode or the 
enhancement mode—and is sometimes called a depletion/enhancement MOSFET. 
Since the gate is insulated from the channel, either a positive or a negative gate voltage 
can be applied. The n-channel MOSFET operates in the depletion mode when a nega- 
tive gate-to-source voltage is applied and in the enhancement mode when a positive 
gate-to-source voltage is applied. These devices are generally operated in the depletion 
mode. 


Depletion Mode Visualize the gate as one plate of a parallel-plate capacitor and the 
channel as the other plate. The silicon dioxide insulating layer is the dielectric. With a 
negative gate voltage, the negative charges on the gate repel conduction electrons from 
the channel, leaving positive ions in their place. Thereby, the n channel is depleted of 
some of its electrons, thus decreasing the channel conductivity. The greater the negative 
voltage on the gate, the greater the depletion of n-channel electrons. At a sufficiently 
negative gate-to-source voltage, Vgscorr), the channel is totally depleted and the drain 
current is zero. This depletion mode is illustrated in Figure 8—37(a). Like the n-channel 
JFET, the n-channel D-MOSFET conducts drain current for gate-to-source voltages 
between V@gsyorr) and zero. In addition, the D- MOSFET conducts for values of Vgg above 
zero. 


+ 


1] 


Vac 


(a) Depletion mode: Vgg negative and less than Vgs(oFr) (b) Enhancement mode: Vgg positive 


A FIGURE 8-37 
Operation of n-channel D-MOSFET. 


Enhancement Mode _ With a positive gate voltage, more conduction electrons are attracted 
into the channel, thus increasing (enhancing) the channel conductivity, as illustrated in 
Figure 8—37(b). 


D-MOSFET Symbols The schematic symbols for both the n-channel and the p-channel 
depletion MOSFETs are shown in Figure 8—38. The substrate, indicated by the arrow, is 
normally (but not always) connected internally to the source. Sometimes, there is a sepa- 
rate substrate pin. 


Drain Drain “ FIGURE 8-38 
D-MOSFET schematic symbols. 
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Source Source 


n channel p channel 


Power MOSFET Structures 


The conventional enhancement MOSFETs have a long thin lateral channel as shown in the 
structural view in Figure 8-39. This results in a relatively high drain-to-source resistance 
and limits the E-MOSFET to low power applications. When the gate is positive, the chan- 
nel is formed close to the gate between the source and the drain, as shown. 


Laterally Diffused MOSFET (LDMOSFET) The LDMOSFET has a lateral channel 
structure and is a type of enhancement MOSFET designed for power applications. 
This device has a shorter channel between drain and source than does the conventional 
E-MOSFET. The shorter channel results in lower resistance, which allows higher current 
and voltage. 
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» FIGURE 8-39 Source Gate Drain 
Cross section of conventional | | 
E-MOSFET structure. Channel is 
shown as white area. SiO, 
Ce 
yp Channel 
Substrate 


Figure 8—40 shows the basic structure of an LDMOSFET. When the gate is positive, a 
very short n channel is induced in the p layer between the lightly doped source and the n— 
region. There is current between the drain and source through the n regions and the in- 
duced channel as indicated. 


» FIGURE 8-40 Source Gate Drain 


Cross section of LDMOSFET lateral 
channel structure. ui =— 


SiO, 


VMOSFET The V-groove MOSFET is another example of the conventional E- MOSFET 
designed to achieve higher power capability by creating a shorter and wider channel with 
less resistance between the drain and source using a vertical channel structure. The shorter, 
wider channels allow for higher currents and, thus, greater power dissipation. Frequency 
response is also improved. 

The VMOSFET has two source connections, a gate connection on top, and a drain con- 
nection on the bottom, as shown in Figure 8—41. The channel is induced vertically along 
both sides of the V-shaped groove between the drain (n* substrate where n* means a higher 
doping level than n ) and the source connections. The channel length is set by the thick- 
ness of the layers, which is controlled by doping densities and diffusion time rather than by 
mask dimensions. 


» FIGURE 8-41 


Cross section of VMOSFET vertical 
channel structure. 


Source Gate Source 


Drain 


TMOSFET The vertical channel structure of the TMOSFET is illustrated in Figure 8—42. 
The gate structure is embedded in a silicon dioxide layer, and the source contact is con- 
tinuous over the entire surface area. The drain is on the bottom. TMOSFET achieves 
greater packing density than VMOSFET, while retaining the short vertical channel 
advantage. 
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Source Gate <4 FIGURE 8-42 


Cross section of TMOSFET vertical 
channel structure. 


Drain 


Dual-Gate MOSFETs 


The dual-gate MOSFET can be either a depletion or an enhancement type. The only dif- 
ference is that it has two gates, as shown in Figure 8—43. As previously mentioned, one 
drawback of a FET is its high input capacitance, which restricts its use at higher frequen- 
cies. By using a dual-gate device, the input capacitance is reduced, thus making the device 
useful in high-frequency RF amplifier applications. Another advantage of the dual-gate 
arrangement is that it allows for an automatic gain control (AGC) input in RF amplifiers. 
Another application is demonstrated in the Application Activity where the bias on the sec- 
ond gate is used to adjust the transconductance curve. 


D D << FIGURE 8-43 
Dual-gate n-channel MOSFET 
G, G, symbols. 
Gy G, 
S S 
(a) D-DMOSFET (b) E-MOSFET 


urce voltage in an n-channel E-MOSFET is made more positive, does 
nt increase or decrease? 

o-source voltage in an n-channel depletion MOSFET is made more nega- 
drain current increase or decrease? 


8-6 MOSFET CHARACTERISTICS AND PARAMETERS 


Much of the discussion concerning JFET characteristics and parameters applies 
equally to MOSFETs. In this section, MOSFET parameters are discussed. 


After completing this section, you should be able to 


a Discuss and apply MOSFET parameters 
2 Describe an E-MOSFET transfer characteristic curve 


dra n current | an equation the curve ¢ Useai E-N 


ert 
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Equation 8-4 


E-MOSFET Transfer Characteristic 


The E-MOSFET uses only channel enhancement. Therefore, an n-channel device requires 
a positive gate-to-source voltage, and a p-channel device requires a negative gate-to-source 
voltage. Figure 8—44 shows the general transfer characteristic curves for both types of 
E-MOSFETs. As you can see, there is no drain current when Vgsg = 0. Therefore, the 
E-MOSFET does not have a significant Jpsx parameter, as do the JFET and the D-MOSFET. 
Notice also that there is ideally no drain current until Vgg reaches a certain nonzero value 
called the threshold voltage, Vgsin). 


Ip Ip 
A 
aa <= 
0! Vesen) +Vos —- —Vas Voasith) | 
(a) n channel (b) p channel 


A FIGURE 8-44 


E-MOSFET general transfer characteristic curves. 


The equation for the parabolic transfer characteristic curve of the E-MOSFET differs 
from that of the JFET and the D-MOSFET because the curve starts at Vgsqn) rather than 
Voasoft) On the horizontal axis and never intersects the vertical axis. The equation for the 
E-MOSFET transfer characteristic curve is 


Ip = K(Ves — Vescn))” 


The constant K depends on the particular MOSFET and can be determined from the 
datasheet by taking the specified value of Ip, called [pyon), at the given value of Vgs and 
substituting the values into Equation 8—4 as illustrated in Example 8-16. 


www.fairchild.com) for a 2N7002 E-MOSFET gives Ipion) = 500 mA 
‘cs = 10 V and Voesith) = 1 V. Determine the drain current for 
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Solution First, solve for K using Equation 8—4. 
oe ID(on) ___500mA_ _ 500mA 
(Ves — Vasin)? GOV-1Vv)  81Vv? 
Next, using the value of K, calculate Ip for Vgg = 5 V. 
Ip = K(Ves — Vesany)” = (6.17 mA/V*)(5 V — 1V)? = 98.7mA 


—rosl7 mA/V" 


Related Problem The datasheet for an E-MOSFET gives Ipjon) = 100 mA at Veg = 8 V and Vestn) = 4 V. 
Find Ip when Ves = 6V. 


D-MOSFET Transfer Characteristic 


As previously discussed, the D-MOSFET can operate with either positive or negative gate 
voltages. This is indicated on the general transfer characteristic curves in Figure 8—45 for both 
n-channel and p-channel MOSFETs. The point on the curves where Vgg = 0 corresponds to 
Ipss- The point where Ip = 0 corresponds to Vesyofr). AS with the JFET, Vgs(orr) = — Vp. 

The square-law expression in Equation 8—1 for the JFET curve also applies to the 
D-MOSFET curve, as Example 8—17 demonstrates. 


i i << FIGURE 8-45 
4 D-MOSFET general transfer 
characteristic curves. 
Ipss Ipss 
Ves “<4 > +Vos 
Vascoft) 0 0 Vascoft) 
(a) n channel (b) p channel 


EXAMPLE 8-17 For a certain D-MOSFET, pgs = 10 mA and Vegiorp, = —8 V. 


(a) Is this an n-channel or a p-channel? 
(b) Calculate Ip at Vgg = —3 V. 
(c) Calculate Ip at Veg = +3 V. 


Solution (a) The device has a negative Vgsorp; therefore, it is an n-channel MOSFET. 


V, 2 AW ) 
) Ip = Foss( 1 SS ) = comay(1 = ay) = 3.91mA 
Voscoft) —8V 


ar 3} 


V 2 
lomay( 1 = = 18.9mA 
—8V 


Ih 


(c) Ip 
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Related Problem For a certain D-MOSFET, Ips = 18 mA and Vegcorr) = +10 V. 
(a) Is this an n-channel or a p-channel? 
(b) Determine Jp at Veg = +4 V. 
(c) Determine Ip at Vog = —4 V. 


Handling Precautions 


All MOS devices are subject to damage from electrostatic discharge (ESD). Because the gate 
of a MOSFET is insulated from the channel, the input resistance is extremely high (ideally 
infinite). The gate leakage current, Jgsg, for a typical MOSFET is in the pA range, whereas the 
gate reverse current for a typical JFET is in the nA range. The input capacitance results from 
the insulated gate structure. Excess static charge can be accumulated because the input capac- 
itance combines with the very high input resistance and can result in damage to the device. To 
avoid damage from ESD, certain precautions should be taken when handling MOSFETs: 


1. 


8-7 MOSFET BIASING 


Carefully remove MOSFET devices from their packaging. They are shipped in con- 
ductive foam or special foil conductive bags. Usually they are shipped with a wire ring 
around the leads, which is removed just prior to installing the MOSFET in a circuit. 


. All instruments and metal benches used in assembly or test should be connected to 


earth ground (round or third prong of 110 V wall outlets). 


. The assembler’s or handler’s wrist should be connected to a commercial grounding 


strap, which has a high-value series resistor for safety. The resistor prevents acci- 
dental contact with voltage from becoming lethal. 


. Never remove a MOS device (or any other device, for that matter) from the circuit 


while the power is on. 


. Do not apply signals to a MOS device while the dc power supply is off. 


is the major difference in construction of the D-MOSFET and the E-MOSFET? 
1e two parameters of an E-MOSFET that are not specified for D-MOSFETs? 


Three ways to bias a MOSFET are zero-bias, voltage-divider bias, and drain-feedback 
bias. Biasing is important in FET amplifiers, which you will study in the next chapter. 


After completing this section, you should be able to 


4 Describe and analyze MOSFET bias circuits 

a Analyze E-MOSFET bias 
¢ Discuss and analyze voltage-divider bias ¢ Discuss and analyze 
drain-feedback bias 

a Analyze D-MOSFET bias 
¢ Discuss and analyze zero bias 
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E-MOSFET Bias 


Because E-MOSFETs must have a Vgg greater than the threshold value, Vas), Zero bias 
cannot be used. Figure 8-46 shows two ways to bias an E- MOSFET (D-MOSFETs can 
also be biased using these methods). An n-channel device is used for purposes of 
illustration. In either the voltage-divider or drain-feedback bias arrangement, the purpose 
is to make the gate voltage more positive than the source by an amount exceeding Vgsiin)- 
Equations for the analysis of the voltage-divider bias in Figure 8—46(a) are as follows: 


Ry 
Ves = | > ]Vbp 


Vos = Vpp — JpRp 


where Ip = K(Vgs — Vestn)” from Equation 8-4. 
In the drain-feedback bias circuit in Figure 8—46(b), there is negligible gate current and, 
therefore, no voltage drop across Rg. This makes Vgs = Vps. 


+Vpp +Vpp “4 FIGURE 8-46 
(eo) (eo) 
Common E-MOSFET biasing 
arrangements. 
R 
Re = 7 
(a) Voltage-divider bias (b) Drain-feedback bias 
EXAMPLE 8-18 Determine Veg and Vpg for the E-MOSFET circuit in Figure 8-47. Assume this particular 


MOSFET has minimum values of Ip\on) = 200 mA at Vos = 4 V and Voscth) = INE 


® FIGURE 8-47 


Vop 
+24.V 


Rp 
200.0, 


Solution For the E-MOSFET in Figure 8-47, the gate-to-source voltage is 


V ( Ra yy (fox oa 3.13 V 
Smee Rs) PP \115k0 : 
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Related Problem 


To determine Vpg, first find K using the minimum value of [p(on) and the specified 
voltage values. 


TD(on) 200 mA 200 mA 
(Ves — Vesan)? (4V-2V) Ay? 
Now calculate Jp for Vgg = 3.13 V. 
Ip = K(Vos — Vesitny)” = (60 mA/V7)(3.13 V — 2 V)? 
= (50 mA/V7)(1.13 V)? = 63.8 mA 


= 50mA/V? 


Finally, calculate Vps. 


Vps = Vpp — JpRp = 24 V — (63.8 mA)(200 QO) = 11.2 V 


Determine Vgs and Vpg for the circuit in Figure 8—47 given [p(on) = 100 mA at 
Ves = 4V and Vesith) = 3V. 


EXAMPLE 8-19 


Solution 


Related Problem 


Determine the amount of drain current in Figure 8-48. The MOSFET has a Vesiin) = 3 V. 


» FIGURE 8-48 


Vpp 
+15V 
[e) 
Rp 
Rg 4.7kO 
\W\——+# 


ESV} | lomo 


The meter indicates Vgg = 8.5 V. Since this is a drain-feedback configuration, 
Vos = Vos = 8.5 V. 
Vom = Yay — 1S WW = tes 


lp = - = 1.38mA 
2 Rp 4.7kO oem 


Determine /p if the meter in Figure 8-48 reads 5 V. 


D-MOSFET Bias 


Recall that D- MOSFETs can be operated with either positive or negative values of Vgs. A 
simple bias method is to set Vag = O so that an ac signal at the gate varies the gate-to- 
source voltage above and below this 0 V bias point. A MOSFET with zero bias is shown in 
Figure 8—49(a). Since Vgs = 0, Ip = Ipgss as indicated. The drain-to-source voltage is 
expressed as follows: 


Vos = Vpp — Jpss&p 


The purpose of Rg is to accommodate an ac signal input by isolating it from ground, as 
shown in Figure 8—49(b). Since there is no dc gate current, Rg does not affect the zero 
gate-to-source bias. 
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+Vpp Vin FIGURE 8-49 
A zero-biased D-MOSFET. 
Rp 
ac " 
input 
Rg 

(b) 

EXAMPLE 8-20 Determine the drain-to-source voltage in the circuit of Figure 8-50. The MOSFET 


datasheet gives Vs(orr) = —8 V and Ipsg = 12mA. 


FIGURE 8-50 


Vpop 
+18 V 
° 

Rp 

620 0 

+ 

Vos 
Rg 
10 MQ 


Solution Since Ip = Ipsgs = 12 mA, the drain-to-source voltage is 
Vos = Vpp a IpssRp = ily — (12 mA)(620 Q) = 10.6V 


Related Problem Find Vpg in Figure 8-50 when Vggsor) = —10 V and Ipss = 20 mA. 


SFET biased at Vc; = 0, is the drain current equal to zero, I¢ss, or Ipss? 
innel E-MOSFET with Ves) = 2 V, Vgs must be in excess of what value 


8-8 THE IGBT 


The IGBT (insulated-gate bipolar transistor) combines features from both the 
MOSFET and the BJT that make it useful in high-voltage and high-current switch- 
ing applications. The IGBT has largely replaced the MOSFET and the BJT in many 
of these applications. 


After completing this section, you should be able to 


4 Discuss the IGBT 
¢« Compare the IGBT to the MOSFET and the BJT ¢ Identify the IGBT symbol 
2 Describe IGBT operation 
¢ Explain how an IGBT is turned on and off ¢ Discuss and analyze drain- 
feedback bias ¢ Describe the IGBT equivalent circuit 
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Gate 


Emitter 


A FIGURE 8-51 


A symbol for the IGBT (insulated- 
gate bipolar transistor). 


> TABLE 8-1 


Comparison of several device 


features for switching applications. 


Collector 


Gate 


Emitter 


A FIGURE 8-52 


Simplified equivalent circuit for an 
IGBT. 


The IGBT is a device that has the output conduction characteristics of a BJT but is 
voltage controlled like a MOSFET; it is an excellent choice for many high-voltage 
switching applications. The IGBT has three terminals: gate, collector, and emitter. One 
common circuit symbol is shown in Figure 8-51. As you can see, it is similar to the BJT 
symbol except there is an extra bar representing the gate structure of a MOSFET rather 
than a base. 

The IGBT has MOSFET input characteristics and BJT output characteristics. BJTs are 
capable of higher currents than FETs, but MOSFETs have no gate current because of the 
insulated gate structure. IGBTs exhibit a lower saturation voltage than MOSFETs and 
have about the same saturation voltage as BJTs. IGBTs are superior to MOSFETs in some 
applications because they can handle high collector-to-emitter voltages exceeding 200 V 
and exhibit less saturation voltage when they are in the on state. IGBTs are superior to 
BJTs in some applications because they can switch faster. In terms of switching speed, 
MOSFETs switch fastest, then IGBTs, followed by BJTs, which are slowest. A general 
comparison of IGBTs, MOSFETs, and BJTs is given in Table 8-1. 


FEATURES IGBT MOSFET BJT 

Type of input drive Voltage Voltage Current 

Input resistance High High Low 

Operating frequency Medium High Low 

Switching speed Medium Fast (ns) Slow (1s) 

Saturation voltage Low High Low 
Operation 


The IGBT is controlled by the gate voltage just like a MOSFET. Essentially, an IGBT can 
be thought of as a voltage-controlled BJT, but with faster switching speeds. Because it is 
controlled by voltage on the insulated gate, the IGBT has essentially no input current and 
does not load the driving source. A simplified equivalent circuit for an IGBT is shown in 
Figure 8-52. The input element is a MOSFET, and the output element is a bipolar transis- 
tor. When the gate voltage with respect to the emitter is less than a threshold voltage, 
Vinreshs the device is turned off. The device is turned on by increasing the gate voltage to a 
value exceeding the threshold voltage. 

The npnp structure of the IGBT forms a parasitic transistor and an inherent parasitic 
resistance within the device, as shown in red in Figure 8-53. These parasitic components 
have no effect during normal operation. However, if the maximum collector current is 
exceeded under certain conditions, the parasitic transistor, Q, can turn on. If Q, turns on, it 


> FIGURE 8-53 Collector 


Parasitic components of an IGBT 


that can cause latch-up. ESOS 


Gate _LiF) 9, 


Parasitic 


transistor Parasitic 


resistance 


Emitter 


effectively combines with Q, to form a parasitic element, as shown in Figure 8-53, in 
which a latchup condition can occur. In latch-up, the device will stay on and cannot be con- 
trolled by the gate voltage. Latch-up can be avoided by always operating within the speci- 
fied limits of the device. 
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C BT stand for? 


8-9 TROUBLESHOOTING 


In this section, some common faults that may be encountered in FET circuits and the 
probable causes for each fault are discussed. 


After completing this section, you should be able to 


2 Troubleshoot FET circuits 

2 Determine faults in self-biased JFET circuits 

2 Determine faults in MOSFET circuits 
¢ Troubleshoot a D-MOSFET with zero bias ¢ Troubleshoot an E-MOSFET 
with voltage-divider bias 


Chapter 18: Basic Programming Concepts for Automated Testing 
Selected sections of Chapter 18 may be introduced as part of this troubleshooting cov- 
erage or, optionally, the entire Chapter 18 may be covered later or not at all. 


Faults in Self-Biased JFET Circuits 


Symptom 1: Vp = Vpp_ For this condition, the drain current must be zero because there 
is no voltage drop across Rp, as illustrated in Figure 8—54(a). As in any circuit, it is good 
troubleshooting practice to first check for obvious problems such as open or poor connec- 
tions, as well as charred resistors. Next, disconnect power and measure suspected resistors 
for opens. If these are okay, the JFET is probably bad. Any of the following faults can pro- 
duce this symptom: 


1. No ground connection at Rg 
. Rs open 
. Open drain lead connection 


. Open source lead connection 


nan & WwW NY 


. FET internally open between drain and source 


Symptom 2: Vp Significantly Less Than Normal For this condition, unless the supply 
voltage is lower than it should be, the drain current must be larger than normal because the 


426 ¢ FieLD-EFFECT TRANsIsToRs (FETs) 


» FIGURE 8-54 


Two symptoms in a self-biased JFET 
circuit. 


+Vpp +Vpp 
fo) 
Ip=0 = Rp Rp 
Vp less 
k— +Vpp than 
normal 
Rg = Rs Rg Rs 
(a) Symptom 1: Drain voltage equal (b) Symptom 2: Drain voltage less 
to supply voltage than normal 


drop across Rp is too much. Figure 8—54(b) indicates this situation. This symptom can be 
caused by any of the following: 


1. Open Rg 
2. Open gate lead 


3. FET internally open at gate 


Any of these three faults will cause the depletion region in the JFET to disappear and the chan- 
nel to widen so that the drain current is limited only by Rp, Rs, and the small channel resistance. 


Faults in D-MOSFET and E-MOSFET Circuits 


One fault that is difficult to detect is when the gate opens in a zero-biased D-MOSFET. In 
a zero-biased D-MOSFET, the gate-to-source voltage ideally remains zero when an open 
occurs in the gate circuit; thus, the drain current doesn’t change, and the bias appears nor- 
mal, as indicated in Figure 8-55. However, static charge as a result of the open may cause 
Ip to behave irratically. 


> FIGURE 8-55 +Vpp +Vpp 


An open fault in the gate circuit of a 
D-MOSFET causes no change in Ip. 


ut } 
| aw 


® © 


OPEN 
(a) Normal operation (b) Gate circuit open (can be 
either external or internal) 


In an E-MOSFET circuit with voltage-divider bias, an open R; makes the gate voltage 
zero. This causes the transistor to be off and act like an open switch because a gate-to- 
source threshold voltage greater than zero is required to turn the device on. This condition 
is illustrated in Figure 8—56(a). If Ry opens, the gate is at +Vpp and the channel resistance 
is very low so the device approximates a closed switch. The drain current is limited only by 
Rp. This condition is illustrated in Figure 8—56(b). 
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<@ FIGURE 8-56 


Failures in an E-MOSFET circuit with 
voltage-divider bias. 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the companion website. 
Open each file and determine if the circuit is working properly. If it is not working prop- 
erly, determine the fault. 


1. Multisim file TSE08-01 
2. Multisim file TSEO8-02 
3. Multisim file TSE08-03 
4. Multisim file TSEO8-04 


sed JFET circuit, the drain voltage equals Vpp. If the JFET is okay, what are 
le faults? 


the drain current change when an open occurs in the gate circuit of a 
MOSFET circuit? 


n E-MOSFET becomes shorted to ground in a circuit with voltage-divider 


This application involves electronic instrumentation in a waste water treatment facility. 
The system controls the amount of acid and base reagent added to waste water in order 
to neutralize it. The diagram of the waste water neutralization pH system is shown in 
Figure 8-57. The system measures and controls the pH of the water, which is a measure 
of the degree of acidity or alkalinity. The pH scale ranges from 0 for the strongest acids 
through 7 for neutral solutions and up to 14 for the strongest bases (caustics). Typically, 
the pH for waste water ranges from greater than 2 and less than 11. The pH of the water 
is measured by sensor probes at the inlets and outlets of the tanks. The processor and 
controller unit uses the inputs from the pH sensor circuits to adjust the amount of acid or 
base introduced into the neutralization tank. The pH should be 7 at the outlet of the 
smoothing tank. 
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FIGURE 8-57 


Simplified waste water pH neutralization system. 


Generally, waste water treatment is done in three steps as follows: 


¢ Primary treatment Collecting, screening, and initial storage 

¢ Secondary treatment Removal of solids and the majority of contaminants using 
filters, coagulation, flocculation, and membranes 

¢ Tertiary treatment Polishing, pH adjustment, carbon treatment to remove taste 
and smells, disinfection, and temporary storage to allow the disinfecting agent 
to work 


In this application, we are focusing on the process of pH adjustment in the tertiary 
stage of treatment. 


The Sensor Circuit 


There are three identical pH sensor circuits, one for each of the inlet/outlets indicated in 
Figure 8-57. The pH sensor produces a small voltage (mV) proportional to the pH of the 
water in which it is immersed. The pH sensor produces a negative voltage if the water is 
acidic, no voltage if it is neutral, and a positive voltage if it is basic. The sensor output 
goes to the gate of a MOSFET circuit, which amplifies the sensor voltage for processing 
by the digital controller. 


APPLICATION ACTIVITY 429 


Figure 8-58 shows the pH sensor probe and a graph of output voltage versus pH. 
Figure 8—59 is the sensor circuit using a BF998 dual-gate n-channel MOSFET. A rheostat 
in the drain of the MOSFET is used to calibrate the circuit so that each of the three sensor 
circuits produce the same output voltage for a given value of pH. 

1. Determine the approximate sensor voltage for a pH of 8. 
2. Determine the approximate sensor voltage for a pH of 3. 


The partial datasheet for the BF998 D-MOSFET is shown in Figure 8-60. In this appli- 
cation, the MOSFET is used as a de amplifier. Recall that a D- MOSFET can operate with 
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pH sensor and graph of pH vs. output voltage. 
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Ry 
100 kQ, 


pH sensor circuit. 


430 ¢ 


FIGURE 8-60 


Partial datasheet for a BF998 
MOSFET. Datasheet courtesy of 
Vishay Intertechnology, Inc. 
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Absolute Maximum Ratings 


Tamb = 25°C, unless otherwise specified 


Parameter Test Conditions Symbol Value Unit 
Drain - source voltage Vos 12 Vv 
Drain current Ib 30 mA 
Gate 1/Gate 2 - source peak current +l61/G2S5mM 10 mA 
Gate 1/Gate 2 - source voltage +Ve1s/G2S 7 Vv 
Total power dissipation Tamb < 60 °C Prot 200 mW 
Channel temperature Toh 150 °C 
Storage temperature range Tstg —65 to +150 °C 
Electrical DC Characteristics 
Tamb = 25°C, unless otherwise specified 
Parameter Test Conditions Type Symbol | Min | Typ | Max | Unit 
Drain - source Ip = 10 pA, V(BR)DS 12 V 
breakdown voltage |—VGis =—Va2s =4 V 
Gate 1 - source tleig = 10 mA, +V(BR)G1SS 7 14 V 
breakdown voltage |Vgos = Vps = 0 
Gate 2 - source tlges = 10 mA, +V(BR)G2ss 7 14 Vv 
breakdown voltage |Vais = Vps = 0 
Gate 1 - source tVeis =5V, +leiss 50 | nA 
leakage current Vaes = Vos = 0 
Gate 2 - source tVees = 5 V, tleess 50 | nA 
leakage current Veis = Vps = 9 
Drain current Vos = 8 V, Vais = 0, BF998/BF998R/ Ipss 4 18 |mA 
Vees =4V BF998RW 
BF998A/BF998RA/ Ibss 4 10.5 | mA 
BF998RAW 
BF998B/BF998RB/ Ipbss 9.5 18 |mA 
BF998RBW. 
Gate 1 - source Vos = 8 V, Vaas = 4 V, —VG@1S(OFF) 1.0 | 2.0 V 
cut-off voltage Ip = 20 pA 
Gate 2 - source Vos = 8 V, Vais = 9, —V@2s(OFF) 0.6 1.0 V 
cut-off voltage Ip = 20 pA 
Electrical AC Characteristics 
Vos = 8 V, Ip = 10 mA, Vegas = 4 V, f = 1 MHZ, Tamb = 25°C, unless otherwise specified 
Parameter Test Conditions Symbol | Min | Typ | Max | Unit 
Forward transadmittance Y21s ai 24 mS 
Gate 1 input capacitance Cissg1 2.1 2.5 | pF 
Gate 2 input capacitance [Vgis = 0, Vaas =4 V Cissq2 1.1 pF 
Feedback capacitance Crsg 25 fF 
Output capacitance Coss 1.05 pF 
Power gain Gg =2 mS, G, = 0.5 mS, f = 200 MHz Gos 28 dB 
Gs = 3,3 mS, G_ =1 mS, f = 800 MHz Gps 16.5 | 20 dB 
AGC range Vaes = 4 to -2 V, f = 800 MHz AGps 40 dB 
Noise figure Gg = 2 mS, G, = 0.5 mS, f = 200 MHz F 1.0 dB 
Gs = 3,3 mS, G_ =1 mS, f = 800 MHz F 1.5 dB 
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both positive and negative gate voltages, making it ideal for this particular application 
where the input voltage can have either polarity. The graph in Figure 8—60 shows that the 
transconductance curve depends on the value of the voltage on the second gate which, in 
this particular design, is set at 6 V by the R;-R> voltage divider. The input from the sensor 
is applied to the first gate. 


3. What is the specified typical transconductance (transadmittance) for the BF998? 

4. If the drain-to-source voltage is 10 V, determine the maximum allowable drain 
current. 

5. If one gate is biased to 1 V, what is Jp when the other gate is 0 V? 


Simulation 


The pH sensor circuit is simulated in Multisim, and the results for a series of sensor input 
voltages are shown in Figure 8—61. The sensor is modeled as a de source in series with 
an internal resistance. Notice that the output of the circuit increases as the sensor input 
decreases. Rheostat R3 is used to calibrate each of the three sensor circuits so that they 
have an identical output voltage for a given sensor input voltage. 


6. If the output of the sensor circuit is 7 V, is the solution acidic, neutral, or basic 
(caustic)? 
7. Plot a graph of Vour vs. pH for each measurement in Figure 8-61. 


Simulate the pH sensor circuit using your Multisim software. Measure the output voltage 
for Veensor = 50 MV, Veensor = 150 mV, and Veensor = —25 mV. 
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FIGURE 8-61 


Simulation results for the pH sensor circuit. 
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Prototyping and Testing 

Now that the circuit has been simulated, the prototype circuit is constructed and 
tested. A dc voltage source can be used to provide the sensor input voltages. After the 
circuit is successfully tested on a protoboard, it is ready to be finalized on a printed 
circuit board. 


Lab Experiment 


To build and test a similar circuit, go to Experiment 8 in your lab manual (Laboratory 


ca Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Circuit Board 


The pH sensor circuits are implemented on a printed circuit board as shown in Figure 8-62. 
Each circuit monitors one of the three pH sensors in the system. Note that a single voltage 
divider provides +6 V to the second gate of each transistor. 


8. Check the printed circuit board for correctness by comparing with the schematic 
in Figure 8-59. 
9. Identify the connections on the back side of the board. 
10. Label each input and output pin according to function. 


Source Drain 


A FIGURE 8-62 


pH sensor circuit board. 


Calibration and Testing 


The first step is to calibrate each of the three circuits for a pH of 7. Using a known neutral 
test solution in a container into which the sensors are placed, the rheostat is adjusted (if 
necessary) to produce the same output voltage for each circuit. In this case it is 4.197 V, 
as shown in Figure 8—63. 

The next step is to replace the neutral solution with one that has an acidity with a known 
pH. All the circuits should produce the same voltage within a specified tolerance. Finally, 
using a basic solution with a known pH, measure the output voltages. Again, they should 
all agree. 
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FIGURE 8-63 


Calibration and testing of the pH sensor circuits. 
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SUMMARY OF FIELD-EFFECT TRANSISTORS 


= 


2-source pn junction must be reverse-biased. 

‘ols Ip. 

of Vps at which Ip becomes constant is the pinch-off voltage. 
Vas at which Jp becomes zero is the cutoff voltage, Vgsvorr). 
drain current when Vcs = 0. 


Source Source ! : char: acteristic: 


n channel p channel V, 2 
.. s(1 Z 7) 
Vescott) 
| transconductance: 
; o(1 Gs ) 
“ Vascoff) 


D-MOSFETs aoe 
Drain Drain 7 -exceed Vestn). 


Source Source 
a pre = Value of Vag at which Jp begins is the threshold voltage, Vestn). 
characteristic: 

2 
cs — Vescth)) 


aula can be calculated by substituting datasheet values Ipion) 
id Veg at which Ipiony is specified for Vas. 


erated in either depletion or enhancement modes. Vgg can be 


E-MOSFETs € when biased at Veg = 0 V. 
Drain Drain : i 


m mode: 


Source Source : - 
n channel p channel : Vgs positive 


|: Ves negative 
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is the cutoff voltage, Vesiortt). 


Collector 


- Veg ; 
Self-bias Voltage-divider Current-source Drain-feedback Voltage-divider Zero bias 
bias bias bias bias 


Section 8-1 


Field-effect transistors are unipolar devices (one-charge carrier). 


The three FET terminals are source, drain, and gate. 


¢ 

¢ 

® The JFET operates with a reverse-biased pn junction (gate-to-source). 

® The high input resistance of a JFET is due to the reverse-biased gate-source junction. 
¢ 


Reverse bias of a JFET produces a depletion region within the channel, thus increasing channel 
resistance. 
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Section 8—2 © For ann-channel JFET, Vgg can vary from zero negatively to cutoff, Vggiorr). For a p-channel 
JFET, Ves can vary from zero positively to Vgscorr)- 


® pss is the constant drain current when Vgg = 0. This is true for both JFETs and D-MOSFETs. 
® A FET is called a square-law device because of the relationship of Jp to the square of a term 
containing Vgs. 
Section 8-3 © Midpoint bias for a JFET is Ip = Ipss/2, obtained by setting Vos = Vasvorr)/3-4- 
® The Q-point in a JFET with voltage-divider bias is more stable than in a self-biased JFET. 
® Current-source bias increases the stability of a self-biased JFET. 
Section 8-4 © A JFET used as a variable resistor is biased in the ohmic region. 
® To bias in the ohmic region, /p must be much smaller than Jpss. 
® The gate voltage controls Rpg in the ohmic region. 
® When a JFET is biased at the origin (Vps = 0, Jp = 0), the ac channel resistance is controlled 


by the gate voltage. 
Section 8-5 ® MOSFETs differ from JFETs in that the gate of a MOSFET is insulated from the channel by an 

SiO, layer, whereas the gate and channel in a JFET are separated by a pn junction. 

® A depletion MOSFET (D-MOSFET) can operate with a zero, positive, or negative gate-to- 
source voltage. 

® The D-MOSFET has a physical channel between the drain and source. 

® For an n-channel D-MOSFET, negative values of Vgs produce the depletion mode and positive 
values produce the enhancement mode. 

® The enhancement MOSFET (E-MOSFET) has no physical channel. 


® Unlike JFETs and D-MOSFETs, the E-MOSFET cannot operate with Ves = 0 V. 
® A channel is induced in an E-MOSFET by the application of a Vgg greater than the threshold 
value, Vgsctn)- 
Section 8-6 ® AnE-MOSFET has no Jpsg parameter. It is extremely small, if specified (ideally 0). 
® Ann-channel E-MOSFET has a positive Vasc). A p-channel E-MOSFET has a negative Vagsctn). 
® The transfer characteristic curve fora D-MOSFET intersects the vertical [p axis. 
® The transfer characteristic curve for an E-MOSFET does not intersect the Jp axis. 
® All MOS devices are subject to damage from electrostatic discharge (ESD). 
Section 8-7 ® Midpoint bias for a D-MOSFET is Jp = Jpss obtained by setting Veg = 0. 
® The gate of a zero-biased D-MOSFET is at 0 V due to a large resistor to ground. 
® An E-MOSFET must have a Vog greater than the threshold value. 
Section 8-8 ® The insulated-gate bipolar transistor (IGBT) combines the input characteristics of a MOSFET 
with the output characteristics of a BJT. 
® The IGBT has three terminals: emitter, gate, and collector. 
e 


IGBTs are used in high-voltage switching applications. 


Section 8-9 ® An open gate is hard to detect in a zero-biased D-MOSFET because the gate is normally at 0 V; 
however, erratic behavior may occur. 


® An open gate is easy to detect in an E-MOSFET because the gate is normally at a voltage other 
than 0 V. 


PiEy TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Depletion In a MOSFET, the process of removing or depleting the channel of charge carriers and 
thus decreasing the channel conductivity. 


Drain One of the three terminals of a FET analogous to the collector of a BJT. 


Enhancement In a MOSFET, the process of creating a channel or increasing the conductivity of 
the channel by the addition of charge carriers. 


Gate One of the three terminals of a FET analogous to the base of a BJT. 


FORMULAS 
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-CIRCUIT-ACTION QUIZ 
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IGBT _Insulated-gate bipolar transistor; a device that combines features of the MOSFET and the 
BJT and used mainly for high-voltage switching applications. 


JFET Junction field-effect transistor; one of two major types of field-effect transistors. 


MOSFET Metal oxide semiconductor field-effect transistor; one of two major types of FETs; 
sometimes called IGFET for insulated-gate FET. 


Ohmic region The portion of the FET characteristic curve lying below pinch-off in which Ohm’s 
law applies. 


Pinch-off voltage The value of the drain-to-source voltage of a FET at which the drain current 
becomes constant when the gate-to-source voltage is zero. 


Source One of the three terminals of a FET analogous to the emitter of a BJT. 


Transconductance (g,,) The ratio of a change in drain current to a change in gate-to-source volt- 
age in a FET. 


V, 2 
8-1 Ip = Ioss( 1 i ) JFET/D-MOSFET transfer characteristic 
Vescott) 
_ Ves 
8-2 2m = Zmo\ 1 —- Transconductance 
Vescott) 
_ _ 4Ipss _ 
8-3 2£mn0 = Transconductance at Veg = 0 
lVescorr)| 
8-4 Ip = K(Ves — Vesithy)” E-MOSFET transfer characteristic 


Answers can be found at www.pearsonhighered.com/floyd. 


1. The JFET always operates with a reverse-biased gate-to-source pn junction. 
. The channel resistance of a JFET is a constant. 

. The gate-to-source voltage of an n-channel JFET must be negative. 

. Ip becomes zero at the pinch-off voltage. 

Vgs has no effect on [p. 


- Veascort) and Vp are always equal in magnitude but opposite in polarity. 


ee 


. The JFET is a square-law device because of the mathematical expression of its transfer charac- 
teristic curve. 


8. Forward transconductance is the change in drain voltage for a given change in gate voltage. 
9. The parameters g,, and y,, are the same. 

10. The D-MOSFET can be operated in two modes. 

11. An E-MOSFET operates in the depletion mode. 

12. A D-MOSFET has a physical channel and an E-MOSFET has an induced channel. 

13. ESD means electronic semiconductor device. 

14. MOSFETs must be handled with care. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. If the drain current in Figure 8-17 is increased, Vpg will 
(a) increase (b) decrease (c) not change 
2. If the drain current in Figure 8-17 is increased, Vgg will 


(a) increase (b) decrease (c) not change 
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| SELF-TEST 
Section 8-1 


Section 8-2 


. If the value of Rp in Figure 8—24 is increased, /p will 


(a) increase (b) decrease (c) not change 


. Ifthe value of Ro in Figure 8—24 is decreased, Vg will 


(a) increase (b) decrease (c) not change 


. If Vgs in Figure 8—47 is increased, /p will 


(a) increase (b) decrease (c) not change 


. If Ry in Figure 8—47 opens, Vgs will 


(a) increase (b) decrease (c) not change 


. If the value of Rg in Figure 8-50 is increased, Vg will 


(a) increase (b) decrease (c) not change 


. If the value of pss in Figure 8-50 is increased, Vpg will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


The JFET is 

(a) a unipolar device 

(b) a voltage-controlled device 
(c) acurrent-controlled device 
(d) answers (a) and (c) 


(e) answers (a) and (b) 


. The channel of a JFET is between the 


(a) gate and drain 
(b) drain and source 
(c) gate and source 


(d) input and output 


. A JFET always operates with 


(a) the gate-to-source pn junction reverse-biased 
(b) the gate-to-source pn junction forward-biased 
(c) the drain connected to ground 


(d) the gate connected to the source 


. For Vgs = 0 V, the drain current becomes constant when Vps exceeds 


(a) cutoff 
(b) Vpp 
(c) Vp 
(d) OV 


. The constant-current region of a FET lies between 


(a) cutoff and saturation 

(b) cutoff and pinch-off 

(c) 0 and Ipss 

(d) pinch-off and breakdown 


le Ipss is 


(a) the drain current with the source shorted 
(b) the drain current at cutoff 
(c) the maximum possible drain current 


(d) the midpoint drain current 


Section 8-3 


Section 8—4 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 
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. Drain current in the constant-current region increases when 


(a) the gate-to-source bias voltage decreases 
(b) the gate-to-source bias voltage increases 
(c) the drain-to-source voltage increases 


(d) the drain-to-source voltage decreases 


. Inacertain FET circuit, Vgs = 0 V, Vpp = 15 V, Ipss = 15 mA, and Rp = 470 QO. If Rp is 


decreased to 330 Q, Ipgs is 
(a) 19.5mA (b) 10.5 mA 
(c) 15 mA (d) 1mA 


. At cutoff, the JFET channel is 


(a) at its widest point 

(b) completely closed by the depletion region 

(c) extremely narrow 

(d) reverse-biased 

A certain JFET datasheet gives Vgscorr) = —4 V. The pinch-off voltage, Vp, 
(a) cannot be determined 

(b) is —4V 

(c) depends on Vgs 

(d) is +4 V 

The JFET in Question 10 

(a) is ann channel 

(b) is ap channel 

(c) can be either 

For a certain JFET, ggg = 10 nA at Vgg = 10 V. The input resistance is 
(a) 10OMO, (b) 1MQ 

(c) 1000MQ (d) 1000 MQ, 

For a certain p-channel JFET, Vesiorr) = 8 V. The value of Vag for an approximate midpoint bias is 
(a) 4V (b) OV 

(c) 1.25 V (d) 2.34 V 

In a self-biased JFET, the gate is at 

(a) a positive voltage 

(b) OV 

(c) a negative voltage 

(d) ground 

The drain-to-source resistance in the ohmic region depends on 

(a) Vas 

(b) the Q-point values 

(c) the slope of the curve at the Q-point 

(d) all of these 

To be used as a variable resistor, a JEET must be 

(a) an n-channel device 

(b) a p-channel device 

(c) biased in the ohmic region 

(d) biased in saturation 

When a JFET is biased at the origin, the ac channel resistance is determined by 
(a) the Q-point values (b) Vos 


(c) the transconductance (d) answers (b) and (c) 
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Section 8-5 


Section 8—6 


Section 8-7 


Section 8-8 


Section 8-1 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


A MOSFET differs from a JFET mainly because 

(a) of the power rating 

(b) the MOSFET has two gates 

(c) the JFET has a pn junction 

(d) MOSFETs do not have a physical channel 

A D-MOSFET operates in 

(a) the depletion mode only 

(b) the enhancement mode only 

(c) the ohmic region only 

(d) both the depletion and enhancement modes 

An n-channel D-MOSFET with a positive Vgg is operating in 
(a) the depletion mode 

(b) the enhancement mode 

(c) cutoff 

(d) saturation 

A certain p-channel E-MOSFET has a Vesiin) = —2 V. If Ves = 0 V, the drain current is 
(a) OA (b) Ip,on) 

(c) maximum (d) [pss 

In an E-MOSFET, there is no drain current until Vos 
(a) reaches Vgsctn) (b) is positive 

(c) is negative (d) equals 0 V 

All MOS devices are subject to damage from 

(a) excessive heat 

(b) electrostatic discharge 

(c) excessive voltage 

(d) all of these 


A certain D-MOSFET is biased at Vgs = 0 V. Its datasheet specifies Ipgg = 20 mA and 
Voescott) = —5 V. The value of the drain current 


(a) isOA 

(b) cannot be determined 

(c) is 20 mA 

An IGBT is generally used in 
(a) low-power applications 
(b) rf applications 

(c) high-voltage applications 


(d) low-current applications 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


The JFET 


1. 


The Vos of a p-channel JFET is increased from | V to 3 V. 
(a) Does the depletion region narrow or widen? 


(b) Does the resistance of the channel increase or decrease? 


2. Why must the gate-to-source voltage of an n-channel JFET always be either 0 or negative? 


. Draw the schematic diagrams for a p-channel and an n-channel JFET. Label the terminals. 


Section 8-2 


Section 8-3 


PROBLEMS ® 441 


4. Show how to connect bias voltages between the gate and source of the JFETs in Figure 8-64. 
> FIGURE 8-64 Ae Ves 
fo) fo) 


JFET Characteristics and Parameters 


5. 


A JFET has a specified pinch-off voltage of 5 V. When Vgg = 0, what is Vpg at the point where 
the drain current becomes constant? 


. A certain n-channel JFET is biased such that Vgg = —2 V. What is the value of V@svorp if Vp is 


specified to be 6 V? Is the device on? 


. Acertain JFET datasheet gives Vesiorr) = —8 V and Ipsg = 10mA. When Veg = 0, what is 


Ip for values of Vps above pinch off? Vpp = 15 V. 


. A certain p-channel JFET has a Vggs(orr) = 6 V. What is Jy when Vgg = 8 V? 


9. The JFET in Figure 8-65 has a Vgsyorr) = —4 V. Assume that you increase the supply voltage, 


Vpp. beginning at zero until the ammeter reaches a steady value. What does the voltmeter read 
at this point? 


» FIGURE 8-65 Rp 
= + 
4.7kO 
Paes 
ag + 
o c 
fa 
10. The following parameters are obtained from a certain JFET datasheet: Vesiory) = —8 V and 


11. 
12. 


13. 


14. 
15. 


Ipss = 5 mA. Determine the values of /p for each value of Vgs ranging from 0 V to —8 V in 
1 V steps. Plot the transfer characteristic curve from these data. 


For the JFET in Problem 10, what value of Vgg is required to set up a drain current of 2.25 mA? 
For a particular JFET, g,,.q = 3200 wS. What is g,, when Vos = —4 V, given that 
Voesctt) = —8 V? 


Determine the forward transconductance of a JFET biased at Vgg = —2 V. From the datasheet, 
Voscort) = —7 Vand g,, = 2000 wS at Ves = 0 V. Also determine the forward transfer conduc- 
tance, g,. 


A p-channel JFET datasheet shows that Iggg = 5 nA at Vgg = 10 V. Determine the input resistance. 


Using Equation 8-1, plot the transfer characteristic curve for a JFET with Jpgxs = 8 mA and 
Voesiorr) = —5 V. Use at least four points. 


JFET Biasing 


16. 


An n-channel self-biased JFET has a drain current of 12 mA and a 100 2 source resistor. What 
is the value of Vgs? 


442 ¢ FieLD-EFFECT TRANsiIsTors (FETs) 


17. Determine the value of Rs required for a self-biased JFET to produce a Vgg of —4 V when 
[ D— 5 mA. 


18. Determine the value of Rg required for a self-biased JFET to produce Ip = 2.5 mA when 
Vos = —3V. 


19. Ipss = 20 mA and Vegyorp) = —6 V for a particular JFET. 
(a) What is Jp when Ves = 0 V? 
(b) What is Ip when Veg = Vesvort)? 
(c) If Vag is increased from —4 V to —1 V, does /p increase or decrease? 


20. For each circuit in Figure 8-66, determine Vpgs and Vgs. 


A FIGURE 8-66 
Multisim file circuits are identified with a logo and are in the Problems folder on the companion 


website. Filenames correspond to figure numbers (e.g., FO8-66). 


21. Using the curve in Figure 8-67, determine the value of Rg required for a 9.5 mA drain current. 


22. Set up a midpoint bias for a JFET with Ipss = 14 mA and Vegvorp) = —10 V. Use a 24 V de 
source as the supply voltage. Show the circuit and resistor values. Indicate the values of Ip, 


Vos; and Vps- 
23. Determine the total input resistance in Figure 8-68. Iggs = 20 nA at Veg = —10V. 
Ip 
A 
Ipsg = 15 mA 
DSS m. Vpp 
+10V 
° 
Rp 
5.6kO 
@——_o Vou 
Min 
Rg Rs 
10 MQ 1.0k0 
Ves < 
-10V 0 
Vascotf) 7 — 


A FIGURE 8-67 A FIGURE 8-68 
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24. Graphically determine the Q-point for the circuit in Figure 8—69(a) using the transfer character- 
istic curve in Figure 8-69(b). 


Ip 
A 
Ipss = 5 mA 
Vop 
+6V 
Rp 
8200, 
Rg Rs 
10MQ > 3300 Vos « 
Aay 0 


= a Ves (off) 


a (a) (b) 
iin, 
A FIGURE 8-69 


25. Find the Q-point for the p-channel JFET circuit in Figure 8-70. 


In 
A 
Ipss = 10 mA 
Vpp 
-9V 
Rp 
1.8kO, 
Rg Rs 
10M +3900 se 
0 7 V 


Voscot) 


. b 
lp - ° 
A FIGURE 8-70 


26. Given that the drain-to-ground voltage in Figure 8-71 is 5 V, determine the Q-point of the circuit. 
27. Find the Q-point values for the JFET with voltage-divider bias in Figure 8—72. 


444 ¢ FleLD-EFFECT TRANsIsTors (FETs) 


> FIGURE 8-71 Vop 
+9V 
fo) 


Ry Rp 
10MQ = 4.7kO 


Ry Rs 
2.2 MO. = 3.3 kO, 


» FIGURE 8-72 Ip 


itty Ipss = 5 mA 


Section 8—4 The Ohmic Region 


28. A certain JFET is biased in the ohmic region at Vpg = 0.8 V and Jp = 0.20 mA. What is the 
drain-to-source resistance? 


29. The Q-point of a JFET is varied from Vpg = 0.4 V and Ip = 0.15 mA to Vps = 0.6 V and Ip = 
0.45 mA. Determine the range of Rpg values. 


30. Determine the transconductance of a JFET biased at the origin given that g,,) = 1.5 mS, 
Vos =-—!l Vi and Vasvott) = —3.5V. 


31. Determine the ac drain-to-source resistance of the JFET in Problem 30. 


Section8—5 The MOSFET 


32. Draw the schematic symbols for n-channel and p-channel E-MOSFETs and D-MOSFETs. 
Label the terminals. 


33. In what mode is an n-channel D-MOSFET with a positive Vgs operating? 
34. Describe the basic difference between an E-MOSFET and a D-MOSFET. 
35. Explain why both types of MOSFETs have an extremely high input resistance at the gate. 


Section 8—6 MOSFET Characteristics and Parameters 


36. The datasheet for an E-MOSFET reveals that Ipion) = 10 mA at Vgg = —12 V and 
Vesith) = —3V. Find Ip when Ves = -6V. 


37. Determine pss, given Ip = 3 mA, Veg = —2 V, and Vesworr) = —10V. 


Section 8-7 


>» FIGURE 8-73 


>» FIGURE 8-75 
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38. The datasheet for a certain D-MOSFET gives Vesiorr) = —5 V andIpss = 8 mA. 


(a) Is this device p channel or n channel? 


(b) Determine /p for values of Vgs ranging from —5 V to +5 V in increments of 1 V. 


(c) Plot the transfer characteristic curve using the data from part (b). 


39. Determine in which mode (depletion, enhancement or neither) each D-MOSFET in Figure 8-73 


MOSFET Biasing 
is biased. 
+Vpp 
+V, 
Ry Dp 
Rp 
Rg Rs (if) 


+Vpp -Vpp 


40. Each E-MOSFET in Figure 8-74 has a Vgsqn) of +5 V or —5 V, depending on whether it is an 
n-channel or a p-channel device. Determine whether each MOSFET is on or off. 


> FIGURE 8-74 


(a) 


+10 V 


S47 MQ 


S100 


41. Determine Vpg for each circuit in Figure 8-75. Ipgg = 8 mA. 


Vop Vpp 
+12V +15V 
Rp Rp 
1.0kQ 
Rg Rg 
10 MO 10 MO, 


(a) (b) 
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42. Find Vcgs and Vps for the E-MOSFETs in Figure 8-76. Datasheet information is listed with 


each circuit. 


» FIGURE 8-76 Vpp 
+10 V 
O 
Rp 
1.0kQ 
Ijon) = 3 MA @ Vg =4.V (15) 
Vesan) = 2 V 
Ry 
4.7MQ, 


(a) 


Ip(on) = 2 MA @ Veg = 3 V , (1) 


Voscthy = 1-5 V 


(b) 


10 MQ, 


10 MQ, 


43. Based on the Vgs measurements, determine the drain current and drain-to-source voltage for 


each circuit in Figure 8-77. 


» FIGURE 8-77 +12V 
[e) 


44. Determine the actual gate-to-source voltage in Figure 8—78 by taking into account the gate 
leakage current, Jggs. Assume that Jggg is 50 pA and Jp is 1 mA under the existing bias 


conditions. 


» FIGURE 8-78 


Section 8-8 The IGBT 


45. Explain why the IGBT has a very high input resistance. 


46. Explain how an excessive collector current can produce a latch-up condition in an IGBT. 


Section 8-9 


PROBLEMS ® 447 


Troubleshooting 


47. 
48. 


49, 
50. 


51. 


The current reading in Figure 8—66(a) suddenly goes to zero. What are the possible faults? 


The current reading in Figure 8—66(b) suddenly jumps to approximately 16 mA. What are the 
possible faults? 

If the supply voltage in Figure 8—66(c) is changed to —20 V, what would you see on the ammeter? 
You measure +10 V at the drain of the MOSFET in Figure 8—74(a). The transistor checks 
good and the ground connections are okay. What can be the problem? 


You measure approximately 0 V at the drain of the MOSFET in Figure 8—74(b). You can find 
no shorts and the transistor checks good. What is the most likely problem? 


APPLICATION ACTIVITY PROBLEMS 


52. 


53. 


» FIGURE 8-79 


Refer to Figure 8-58 and determine the sensor voltage for each of the following pH values. 
(a) 2 (b) 5 (c) 7 (d) 11 
Referring to the transconductance curves for the BF998 in Figure 8-79, determine the change 


in Jp when the bias on the second gate is changed from 6 V to 1 V and Vgjs is 0.0 V. Each 
curve represents a different Vgo5 value. 


Transconductance curves for BF998. 


54. 
55. 


[p —Drain Current (mA) 


-0.8 -0.4 0.0 0.4 0.8 1.2 
Vo1s —Gate | Source Voltage (V) 


Refer to Figure 8-61 and plot the transconductance curve ([p vs. Vgjs). 


Refer to Figure 8-79. Determine the output voltage of the circuit in Figure 8-61 if Vgis = 
Veensor = 0 V and R> is changed to 50 kQ. 


DATASHEET PROBLEMS 


56. 
57. 


58. 


59. 
60. 
61. 


What type of FET is the 2N5457? 

Referring to the datasheet in Figure 8-14, determine the following: 

(a) Minimum Vggs,ofr) for the 2N5457. 

(b) Maximum drain-to-source voltage for the 2N5457. 

(c) Maximum power dissipation for the 2N5458 at an ambient temperature of 25°C. 
(d) Maximum reverse gate-to-source voltage for the 2N5459. 


Referring to Figure 8-14, determine the maximum power dissipation for a 2N5457 at an ambient 
temperature of 65°C. 


Referring to Figure 8-14, determine the minimum g,,9 for the 2N5459 at a frequency of | kHz. 
Referring to Figure 8-14, what is the typical drain current in a 2N5459 for Vgg = 0 V? 
Referring to the 2N3796 datasheet in Figure 8-80, determine the drain current for Vgg = 0 V. 
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Maximum Ratings 2N3796 


Rating Value 2N3797 
Drain-Source voltage Case 22-03, Style 2 
2N3796 25 TO-18 (TO-206AA) 
2N3797 20 


Gate-Source voltage +10 


3 Drain 
9 


Drain current 20 
Total device dissipation @ T, = 25°C 200 
Derate above 25°C 1.14 


Junction temperature range +175 


MOSFETs 


Low Power Audio 
Storage channel temperature range ‘ —65 to +200 N channel — Depletion 


Electrical Characteristics (T,, = 25°C unless otherwise noted.) 


Characteristic Symbol 


OFF Characteristics 


Drain-Source breakdown voltage 
(Veg = 4.0 V, Ip = 5.0 WA) 2N3796 
(Ves =-7.0 V, Ip = 5.0 “A) 2N3797 

Gate reverse current 
(Vgs =—10 V, Vos = 9) 

(Vgg =-10 V, Vpg = 0, T, = 150°C) 

Gate-Source cutoff voltage Vesvott) 
(Ip = 0.5 WA, Vpg = 10 V) 2N3796 
(Up = 2.0 HA, Vpg = 10 V) 2N3797 

Drain-Gate reverse current 
(Vpg = 10 V, Is = 0) 


V(BRyDsx 


Igss 


'yGo 


ON Characteristics 


Zero-Gate-Voltage drain current 2N3796 
(Vps = 10 V, Veg = 0) 2N3797 


On-State drain current 2N3796 
(Vps = 10 V, Veg = +3.5 V) 2N3797 


Small-Signal Characteristics 


Forward-transfer admittance 
(Vps = 10 V, Veg = 0, f= 1.0 kHz) 2N3796 
2N3797 


(Vps = 10 V, Vg = 0, f= 1.0 MHz) 2N3796 
2N3797 


Output admittance 
(Vpg = 10 V, Veg = 0, f= 1.0 kHz) 2N3796 
2N3797 


Input capacitance 


(Vps = 10 V, Veg = 0, f= 1.0 MHz) 2N3796 
2N3797 


Reverse transfer capacitance 
(Vps = 10 V, Veg = 0, f= 1.0 MHz) 


Functional Characteristics 


Noise figure 
(Vps = 10 V, Veg = 0, f= 1.0 kHz, Rg = 3 megohms) 


- source voltage (V) 


- source v 


4 4 
0.02 0.030.05 0.1 0.2 0.3 0.5 10 2.0 3.0 5.0 10 2 0.02 0.030.055 O01 0.2 03 05 10 2.0 3.0 5.0 10 20 
Jp, drain current (mA) Jy, drain current (mA) 


2N3796 2N3797 


A FIGURE 8-80 
Partial datasheet for the 2N3797 D-MOSFET. 


62. 
63. 


64. 


65. 
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Referring to Figure 8-80, what is the drain current for a 2N3796 when Veg = 6 V? 


Referring to the datasheet in Figure 8-80, determine /p in a 2N3797 when Vgs = +3 V. 
Determine Jp when Vgs = —2V. 

Referring to Figure 8-80, how much does the maximum forward transconductance of a 
2N3796 change over a range of signal frequencies from 1 kHz to 1 MHz? 


Referring to Figure 8-80, determine the typical value of gate-to-source voltage at which the 
2N3796 will go into cutoff. 


ADVANCED PROBLEMS 


66. 


> FIGURE 8-81 


Find Vps and Vgs in Figure 8-81 using minimum datasheet values. 


67. 


2N5457 


Rs 
5.6kO, 


Determine the maximum Jp and Vgs for the circuit in Figure 8-82. 


> FIGURE 8-82 Vop 
+9V 
fo) 
>———_® 
R Rp 


68. 


69. 


70. 


71. 


10kO, 4.7kO 


+—{{ } 2N5459 


Ry Rs 
3.3 kO 1.8kO 


Determine the range of possible Q-point values from minimum to maximum for the circuit in 
Figure 8-81. 


Find the drain-to-source voltage for the pH sensor circuit in Figure 8-59 when a pH of 5 is 
measured. Assume the rheostat is set to produce 4 V at the drain when a pH of 7 is measured. 


Design a MOSFET circuit with zero bias using a 2N3797 that operates from a +9 V de supply 
and produces a Vpg of 4.5 V. The maximum current drawn from the source is to be 1 mA. 


Design a circuit using an n-channel E-MOSFET with the following datasheet specifications: 
Tp(on) = 500 mA@ Veg = 10 V and Vescthy = 1 V. Use a +12 V de supply voltage with 
voltage-divider bias. The voltage at the drain with respect to ground is to be +8 V. The maxi- 
mum current from the supply is to be 20 mA. 
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MULTISIM TROUBLESHOOTING PROBLEMS 
it These file circuits are in the Troubleshooting Problems folder on the companion website. 
72. Open file TSP08-72 and determine the fault. 
73. Open file TSP08-73 and determine the fault. 
74. Open file TSP08-74 and determine the fault. 
75. Open file TSP08-75 and determine the fault. 
76. Open file TSP08-76 and determine the fault. 
77. Open file TSP08-77 and determine the fault. 
78. Open file TSP08-78 and determine the fault. 
79. Open file TSP08-79 and determine the fault. 
80. Open file TSP08-80 and determine the fault. 
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SWITCHING CIRCUITS 


9-1 The Common-Source Amplifier 
9-2 The Common-Drain Amplifier 
9-3 The Common-Gate Amplifier 
9-4 The Class D Amplifier 
9-5 MOSFET Analog Switching 
9-6 MOSFET Digital Switching 
9-7 Troubleshooting 

Application Activity 


@ Explain and analyze the operation of common-source 
FET amplifiers 


¢ Explain and analyze the operation of common-drain 
FET amplifiers 


¢ Explain and analyze the operation of common-gate 
FET amplifiers 


¢ Discuss the operation of a class D amplifier 


¢@ Describe how MOSFETs can be used in analog switching 
applications 


¢@ Describe how MOSFETs are used in digital switching 
applications 


¢ Troubleshoot FET amplifiers 


Common-source @ Class D amplifier 
@ Pulse-width modulation 
¢@ Analog switch 


@ CMOS 


Common-drain 
Source-follower 
Common-gate 


A JFET common-source amplifier and a common-gate ampli- 
fier are combined in a cascode arrangement for an active 
antenna. Cascode amplifiers are often used for RF (radio fre- 
quency) applications to achieve improved high-frequency 
performance. In this application, the cascode amplifier pro- 
vides a high resistance input for a whip antenna, as well as 
high gain to amplify extremely small antenna signals. 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


Because of their extremely high input resistance and low 
noise, FET amplifiers are a good choice for certain applica- 
tions, such as amplifying low-level signals in the first stage 
of a communication receiver. FETs also have the advantage in 
certain power amplifiers and in switching circuits because 
biasing is simple and more efficient. The standard amplifier 
configurations are common-source (CS), common-drain (CD) 
and common-base (CB), which are analogous to CE, CC, and 
CB configurations of BJTs. 

FETs can be used in any of the amplifier types introduced 
earlier (class A, class B, and class C). In some cases, the FET 
circuit will perform better; in other cases, the BJT circuit is 
superior because BJTs have higher gain and better linearity. 
Another type of amplifier (class D) is introduced in this chapter 
because FETs are always superior to BJTs in class D and you 
will rarely see BJTs used in class D. The class D amplifier is a 
switching amplifier that is normally either in cutoff or satura- 
tion. It is used in analog power amplifiers with a circuit called 
a pulse-width modulator, introduced in Section 9—4. 

FETs are superior to BJTs in nearly all switching applica- 
tions. Various switching circuits—analog switches, analog 
multiplexers, and switched capacitors—are discussed. In 
addition, common digital switching circuits are introduced 
using CMOS (complementary MOS). 
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9-1 THE COMMON-SOURCE AMPLIFIER 


When used in amplifier applications, the FET has an important advantage compared to 
the BJT due to the FET’s extremely high input impedance. Disadvantages, however, 
include higher distortion and lower gain. The particular application will usually deter- 
mine which type of transistor is best suited. The common-source (CS) amplifier is 
comparable to the common-emitter BJT amplifier that you studied in Chapter 6. 


After completing this section, you should be able to 


Explain and analyze the operation of common-source FET amplifiers 
Discuss and analyze the FET ac model 
Describe and analyze common-source JFET amplifier operation 
Perform dc analysis of a JFET amplifier 
al approach ¢ Use the mathematical approach ¢ Use the 


(ol {St (alee 


FET AC Model 


An equivalent FET model is shown in Figure 9-1. In part (a), the internal resistance, r,, 
appears between the gate and source, and a current source equal to g,,V,, appears between 
the drain and source. Also, the internal drain-to-source resistance, rj,, is included. In part 
(b), a simplified ideal model is shown. The resistance, rg,, is assumed to be extremely large 
so that an open circuit between the gate and source can be assumed. Also, rj, is assumed 
large enough to neglect. 


» FIGURE 9-1 
Internal FET equivalent circuits. 


oU 
oO 


fe) 
\ 
Vag 


Sigs. 4 
S 
(a) Complete (b) Simplified 


An ideal FET circuit model with an external ac drain resistance is shown in Figure 9-2. 
The ac voltage gain of this circuit is V,,;/Vin, where Vi, = Ves and Voy; = Vas. The voltage 
gain expression is, therefore, 


Vv 
A FIGURE 9-2 Vos 


Simplified FET equivalent circuit with 
an external ac drain resistance. “The following website is a tutorial for the TI-89 calculator: http://www.math.lsu.edu/~neal/T1_89/index.html 
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From the equivalent circuit, 
Vas = TaRa 

and from the definition of transconductance, g, = Iy/ Voss 

Ia 

Vig oe 

§&m 

Substituting the two preceding expressions into the equation for voltage gain yields 
Ae TagRa _ 8mlaRa 
: Ta/8m Iq 
Ay = 8mRa Equation 9-1 
EXAMPLE 9-1 A certain JFET has a g,, = 4 mS. With an external ac drain resistance of 1.5 kQ,, what 


is the ideal voltage gain? 


Solution A, = &mRq = (4mS)(1.5kQ) = 6 


Related Problem What is the ideal voltage gain when g,, = 6000 wS and Ry = 2.2kQ? 


“Answers can be found at www.pearsonhighered.com/floyd. 


JFET Amplifier Operation 


A common-source JFET amplifier is one in which the ac input signal is applied to the 
gate and the ac output signal is taken from the drain. The source terminal is common to 
both the input and output signal. A common-source amplifier either has no source resistor 
or has a bypassed source resistor, so the source is connected to ac ground. A self-biased 
common-source n-channel JFET amplifier with an ac source capacitively coupled to the 
gate is shown in Figure 9—3(a). The resistor, Rg, serves two purposes: It keeps the gate at 
approximately 0 V dc (because Jggs is extremely small), and its large value (usually sev- 
eral megohms) prevents loading of the ac signal source. A bias voltage is produced by the 
drop across Rs. The bypass capacitor, C2, keeps the source of the JFET at ac ground. 


+Vpp 


ue 
Vesa | I | 
| | | 
| | | 
| | } 
| | | 
| | } 
| | | 
Vpsa 
Vin 
— Lane 
(a) Schematic (b) Voltage waveform relationship 


The input signal voltage causes the gate-to-source voltage to swing above and below its 
Q-point value (Vgsq), causing a corresponding swing in drain current. As the drain current 
increases, the voltage drop across Rp also increases, causing the drain voltage to decrease. 
The drain current swings above and below its Q-point value in phase with the gate-to-source 


<@ FIGURE 9-3 


JFET common-source amplifier. 
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voltage. The drain-to-source voltage swings above and below its Q-point value (Vpsq) and 
is 180° out of phase with the gate-to-source voltage, as illustrated in Figure 9—3(b). 


A Graphical Picture The operation just described for an n-channel JFET is illustrated 
graphically on both the transfer characteristic curve and the drain characteristic curve in 
Figure 9—4. Part (a) shows how a sinusoidal variation, V,,, produces a corresponding sinu- 
soidal variation in Jy. As V,, swings from its Q-point value to a more negative value, Ij 
decreases from its Q-point value. As V,, swings to a less negative value, Jz increases. Figure 
9—4(b) shows a view of the same operation using the drain curves. The signal at the gate drives 
the drain current above and below the Q-point on the load line, as indicated by the arrows. 
Lines projected from the peaks of the gate voltage across to the /p axis and down to the Vps 
axis indicate the peak-to-peak variations of the drain current and drain-to-source voltage, as 
shown. Because the transfer characteristic curve is nonlinear, the output will have some dis- 
tortion. This can be minimized if the signal swings over a limited portion of the load line. 


In 
A 


Vos + 


(a) JFET (n-channel) transfer characteristic curve 


showing signal operation 


Vps 


Vase 


Vpsa 


(b) JFET (n-channel) drain curves showing signal operation 


A FIGURE 9-4 


JFET characteristic curves. 


DC Analysis 


The first step in analyzing a JFET amplifier is to determine the dc conditions including Jp 
and Vg. Ip determines the Q-point for an amplifier and enables you to calculate Vp, so it is 
useful to determine its value. It can be found either graphically or mathematically. The 
graphical approach, introduced in Chapter 8 using the transconductance curve, will be ap- 
plied to an amplifier here. The same result can be obtained by expanding Equation 8-1, 
which is the mathematical description of the transconductance curve. The amplifier shown 
in Figure 9-5 will be used to illustrate both approaches. To simplify the dc analysis, the 
equivalent circuit is shown in Figure 9-6; capacitors appear open to dc, so they are removed. 


Graphical Approach Recall from Section 8-2 that the JFET universal transfer charac- 
teristic (transconductance curve) illustrates the relationship between the output current 
and the input voltage. The endpoints of the transconductance curve are at [pss and 
Voasvorr). A de graphical solution is done by plotting the load line (for the self-biased case 
shown) on the same plot and reading the values of Vgg and /p at the intersection of these 


plots (Q-point). 
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+Vpp +Vpp 
+15 V +15 V 
fe) ° 
Rp Ry 
3.3kO C; 3.3kO 


+——_|-~ 
V, o 10 uF 


10 nF 
Rg Rs 
Re Rs C; 10 MO 11kO 
10 MQ, 1.1kO 100 uF 
A FIGURE 9-5 A FIGURE 9-6 
JFET common-source amplifier. DC equivalent for the amplifier 


in Figure 9-5. 


t the Q-point for the JFET amplifier in Figure 9-6. The typical 
ET 84.3 mA and Ves(ott) is =Woll Mo 


y by noting from the universal curve in Figure 8-12, that 


i 
eo ten ly = = 2.15 mA 


1, 
=-385V — whenIp = i = 1.075 mA 


ts at the origin and goes to a point where Ip = [pss and 
to the graph and read the Jp and Veg values from the 
m in Figure 9—7(b). For the graph shown, Jp = 2.2 mA 


Ip (mA) 
A 
5.0 


Ipss 


4.0 


Laad line + 3.0 


2.0 


1.0 


—Vogs (V) « i 
-8.0 -6.0 -4.0 —2.0 -8.0 -6.0 -4.0 -2.0 0 


Ves(ott) 


(b) 


\sistor is replaced with one with an Jpsg = 5.0 mA and a 
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Mathematical Approach The mathematical approach is more tedious than the graphi- 
cal approach because it involves expanding the equation into quadratic form and solving 
the quadratic equation. To determine /p mathematically from the known quantities, substi- 
tute Vgg = IpRg into Equation 8-1. The result is shown as Equation 9—2, which has Jp on 
both sides. Isolating Jp requires the solution of the quadratic form, which is given in 
“Derivations of Selected Equations” at www.pearsonhighered.com/floyd. A much easier 
approach is to enter Equation 9—2 into a graphing calculator such as the TI-89. The steps 
for determining /p using the TI-89 are given in Example 9-3. 


: IpRs \* 
Equation 9-2 Ip = Ipss\ 1 - >=—— 
Vescott) 
EXAMPLE 9-3 Determine Jp and Vgg at the Q-point for the JFET amplifier in Figure 9-6 using the math- 


ematical approach. The [pg for this particular JFET is 4.3 mA and V ggyofr) is —7.7 V. 
Solution To calculate Jp using the TI-89, follow these six steps. 


Step 1: On the Applications screen select the Numeric Step 2: Press ENTER to display the Numeric 
Solver logo. Solver screen. 


f(x) =0 Enter Equation 


Numeric So ... i eqn: 


Step 3: Enter the equation. Each letter in the variables Step 4: Press ENTER to display the variables. 
must be preceded by ALPHA. 


Enter Equation 4 Enter Equation 


eqn: id=idss*(1-id*rs/vgsoff)*2 eqn: id=idss*(1-id*rs/vgsoff)"2 
| id= 
SSE ORGIES idss= 
rs= 


vgsoff= 
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Step 5: Enter the value of each variable 


except id. Enter Equation 


eqn: id=idss*(1-id*rs/vgsoff)"2 
id= 
idss=.0043 
rs=1100 


vgsoff=7.7 


Step 6: Move the cursor to id and Press F2 to solve. The answer is .0021037...... (2.104 mA). 


Calculate Vgs. 


Ves = —IpRs = —(2.1 mA)(1.1kQ) = —2.31V 


Related Problem Calculate the solution for the Related Problem in Example 9-2. 


AC Equivalent Circuit 


To analyze the signal operation of the amplifier in Figure 9-5, develop an ac equivalent cir- 
cuit as follows. Replace the capacitors by effective shorts, based on the simplifying as- 
sumption that Xc = 0 at the signal frequency. Replace the dc source by a ground, based 
on the assumption that the voltage source has a zero internal resistance. The Vpp terminal 
is at a zero-volt ac potential and therefore acts as an ac ground. 

The ac equivalent circuit is shown in Figure 9—8(a). Notice that the +Vpp end of R, and 
the source terminal are both effectively at ac ground. Recall that in ac analysis, the ac 
ground and the actual circuit ground are treated as the same point. 


SR=Ry IR, " Vis 


Rg V 


(a) (b) 


Signal Voltage at the Gate An ac voltage source is shown connected to the input in 
Figure 9-8(b). Since the input resistance to a JFET is extremely high, practically all of the 
input voltage from the signal source appears at the gate with very little voltage dropped 
across the internal source resistance. 


Vos = Vin 


<4 FIGURE 9-8 


AC equivalent for the amplifier in 
Figure 9—5. 
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Voltage Gain The expression for JFET voltage gain that was given in Equation 9-1 ap- 
plies to the common-source amplifier. 


Equation 9-3 Ay = 2mRa 
The output signal voltage Vz, at the drain is 


Vout > Vas = A\ Ves 


or 
Vout = §m Rq Vin 
where Ry = Rp|| Ry and Vin = Ves. 
EXAMPLE 9-4 What is the total output voltage for the unloaded amplifier in Figure 9-9? Ipgg is 


4.3 mA; Voscoft) 1S =D. 


FIGURE 9-9 


Ve 
100 mV 


Solution — Use either a graphical approach, as shown in Example 9-2, or a mathematical approach 
with a graphing calculator, as shown in Example 9-3, to determine Jp. The calculator 
solution gives 


Ip = 1.91mA 
Using this value, calculate Vp. 
Vp = Vpp — JpRp = 12 V — (1.91 mA)(3.3 kQO) = 5.70 V 
Next calculate g,,, as follows: 


Vos = —IpRs = —(1.91 mA)(470 Q) = —0.90V 
2Ipss 2(4.3 mA) 


t= = = 3.18mS 
™ — |Vescort | 2.7V 
Vos ) ( —0.90 Y) 
= ai aon oS Ge | — 2. 12mS 
en smo Vescoff) i S2eNT + 


Finally, find the ac output voltage. 
Vou. = Avin = &mRpVin = (2.12 mS)(3.3kQ)100 mV) = 700 mV 


Related Problem Confirm the calculator solution for Jp is correct by using the graphical method. 
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Effect of an AC Load on Voltage Gain 


When a load is connected to an amplifier’s output through a coupling capacitor, as shown 
in Figure 9—10(a), the ac drain resistance is effectively Rp in parallel with R; because the 
upper end of Rp is at ac ground. The ac equivalent circuit is shown in Figure 9—10(b). The 
total ac drain resistance is 
RpR 
R, = ee 
Rp + Rr 
The effect of Ry, is to reduce the unloaded voltage gain, as Example 9-5 illustrates. 


Vass <( FIGURE 9-10 


JFET amplifier and its ac equivalent. 


Rp 


Cc; 


R, Rp ll Rr = 


C3 
Rs | Cy Vig Rg 


(a) (b) 


Ve 


EXAMPLE 9-5 If a 4.7 kO, load resistor is ac coupled to the output of the amplifier in Example 9-4, 
what is the resulting rms output voltage? 
Solution The ac drain resistance is 


RpR, (3.3 k9)(4.7kO) 
Ro +R, 8kO 


es = 1.94k0 


Calculation of Vo, yields 
Vou. = AvVin = &mRaVin = (2.12 mS)(1.94kQ)(100 mV) = 411 mV rms 
The unloaded ac output voltage was 700 mV in Example 9-4. 


Related Problem If a 3.3kQ, load resistor is ac coupled to the output of the amplifier in Example 9-4, 
what is the resulting rms output voltage? 


Phase Inversion 


The output voltage (at the drain) is 180° out of phase with the input voltage (at the gate). 
The phase inversion can be designated by a negative voltage gain, —A,. Recall that the 
common-emitter BJT amplifier also exhibited a phase inversion. 


Input Resistance 


Because the input to a common-source amplifier is at the gate, the input resistance is 
extremely high. Ideally, it approaches infinity and can be neglected. As you know, the high 
input resistance is produced by the reverse-biased pn junction in a JFET and by the insu- 
lated gate structure in a MOSFET. The actual input resistance seen by the signal source is 


460 ¢ 


Equation 9-4 
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the gate-to-ground resistor, Rg, in parallel with the FET’s input resistance, Vos/Iggs. The 
reverse leakage current, /ggg, is typically given on the datasheet for a specific value of Ves 
so that the input resistance of the device can be calculated. 


Ves 
Rin = Rg I (7) 


Since the term Vgs/Igss is typically much larger than Rg, the input resistance is very close 
to the value of Rg, as Example 9-6 shows. 


EXAMPLE 9-6 


» FIGURE 9-11 


Solution 


Related Problem 


What input resistance is seen by the signal source in Figure 9-11? Iggy = 30 nA at 
Ves = 10V. 


+18 V 
° 


Rp 
10kQ  C; 


The input resistance at the gate of the JFET is 


- Ve 10 
INC gale) Igss 30 nA 


= 333MQ 


The input resistance seen by the signal source is 
Rin = Rg | Rin(gate) = 10 MQ | 333 MQ = 9.7 MQ 


For all practical purposes, Ryy can be assumed equal to Rg. 


How much is the total input resistance if Iggg = 1 nA at Veg = 10 V? 


D-MOSFET Amplifier Operation 


A zero-biased common-source n-channel D-MOSFET with an ac source capacitively cou- 
pled to the gate is shown in Figure 9-12. The gate is at approximately 0 V dc and the 
source terminal is at ground, thus making Vos = 0 V. 


> FIGURE 9-12 


Zero-biased D-MOSFET common- 
source amplifier. 


out 


C 


R, 
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Ip <4 FIGURE 9-13 


Depletion-enhancement operation of 
D-MOSFET shown on transfer char- 
acteristic curve. 


Vos < > +Vos 


The signal voltage causes V,, to swing above and below its zero value, producing a 
swing in Jy, as shown in Figure 9-13. The negative swing in V,, produces the depletion 
mode, and /, decreases. The positive swing in V,, produces the enhancement mode, and Jy 
increases. Note that the enhancement mode is to the right of the vertical axis (Vgs = 0), 
and the depletion mode is to the left. The dc analysis of this amplifier is somewhat easier 
than for a JFET because Ip = [pss at Vas = 0. Once Ip is known, the analysis involves cal- 
culating only Vp. 


Vp = Vpp — Jp Rp 


The ac analysis is the same as for the JFET amplifier. 


E-MOSFET Amplifier Operation 


A common-source n-channel E-MOSFET with voltage-divider bias with an ac source 
capacitively coupled to the gate is shown in Figure 9-14. The gate is biased with a positive 
voltage such that Ves > Vesith)- 


Ves <4 FIGURE 9-14 
e) “¢: 
ie) Common-source E-MOSFET amplifier 


with voltage-divider bias. 


Via = R, = Rg Gs 


As with the JFET and D-MOSFET, the signal voltage produces a swing in V,, above 
and below its Q-point value, Vgsq. This, in turn, causes a swing in J; above and below its 
Q-point value, pg, as illustrated in Figure 9-15. Operation is entirely in the enhance- 
ment mode. 
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> FIGURE 9-15 


E-MOSFET (n-channel) operation 
shown on transfer characteristic 
curve. 


Ing 


Enhancement 


Iq 


0 Vesith) 


> Vos 


Vesa 


EXAMPLE 9-7 


Transfer characteristic curves for a particular n-channel JFET, D-MOSFET, and 
E-MOSFET are shown in Figure 9-16. Determine the peak-to-peak variation in Jy 
when V,, is varied +1 V about its Q-point value for each curve. 


Tp (mA) 
A 


(a) JFET 


Solution 


Related Problem 


—Vas (V) 


(b) D-MOSFET 


A FIGURE 9-16 


Tp (mA) 
A 


-7 -5 -3 -10123456 


Tp (mA) 
A 


+Vas (V) 


0 12345678910 12 14 
(c) E-MOSFET 


(a) The JFET Q-point is at Vgg = —2 V and /p = 2.5 mA. From the graph in Figure 
9-16(a), Ip = 3.4mA when Ves = —1 V,and/p = 1.8mA when Vos = —3 V. 
The peak-to-peak drain current is therefore 1.6 mA. 


(b) The D-MOSFET Q-point is at Vgg = 0 V and Ip = Ipss = 4 mA. From the graph in 
Figure 9-16(b), Jp = 2.5 mA when Vgg = —1 V, and Jp = 5.3 mA when Veg = 
+1 V. The peak-to-peak drain current is therefore 2.8 mA. 


(c) The E-MOSFET Q-point is at Vgg = +8 V and Jp = 2.5 mA. From the graph 
in Figure 9-16(c), Ip = 3.9 mA when Vgs = +9 V, and Jp = 1.7 mA when 
Vos = +7 V. The peak-to-peak drain current is therefore 2.2 mA. 


As the Q-point is moved toward the bottom end of the curves in Figure 9-16, does the 
variation in /p increase or decrease for the same +1 V variation in Vgs? In addition to 
the change in the amount that Jp varies, what else will happen? 
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The circuit in Figure 9-14 uses voltage-divider bias to achieve a Vgs above threshold. 
The general dc analysis proceeds as follows using the E-MOSFET characteristic equation 


(Equation 8-4) to solve for Ip. 
Ves ( a yy 
GS Ry + R DD 


Ip = K(Vos — Vestn)” 
Vos = Vpp — JpRp 


The voltage gain expression is the same as for the JEET and D-MOSFET circuits. The ac 
input resistance is 


Rin = Ry || Ro || Rincgate) Equation 9-5 


where Rin(gatey = Ves/Jess- 
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EXAMPLE 9-8 A common-source amplifier using an E-MOSFET is shown in Figure 9-17. Find Vgs, Ip, 
Vps, and the ac output voltage. Assume that for this particular device, [p(on) = 200 mA 


at Ves = 4 V, Vesany = 2 V, and g, = 23 mS. Vin = 25 mV. 
» FIGURE 9-17 


R> 820 kQ 
ie _ = iS aVe— 92.2 
Solution Vos (= 7 Yoo & a : a 
For Vas = 4 V, 
Iy(on) a = 50 mA/V2 


K= es 2 
(Ves — Vescthy) GW = 27), 
Therefore, 
Ip = K(Ves — Vescny)” = (50mA/V)(2.23 V — 2V)? = 2.65mA 
Vps = Vpp — JpRp = 15 V — (2.65 mA)3.3kQ) = 6.26 V 
oe lRp = 33k0 ||33k0 = 3k0 
The ac output voltage is 
Vout = Ain = &mRaVin = (23 mS)(3kOQ)(25 mV) = 1.73 V 


Related Problem For the E-MOSFET in Figure 9-17, Ipion) = 25 mA at Veg = 5 V, Vestn) = 1.5 V, 


and g,, = 10 mS. Find Vgg, Ip, Vps, and the ac output voltage. V;, = 25 mV. 


Open the Multisim file E09-08 in the Examples folder on the companion website. 


Determine /p, Vps, and V,,,,; using the specified value of V;,. Compare with the 
calculated values. 
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sconductance of 3000 pS and another has a transconductance of 
in produce the higher voltage gain, with all other circuit compo- 


= 2500 pS and an Rg = 10 k©. Ideally, what voltage gain can 


ositive peak, at what points are Jg and Vq.? 
nce between V,, and Vgs? 
the voltage gain of a common-source FET amplifier? 


has an Rp = 1.0kQ. When a load resistance of 1.0 kQ. is capaci- 
lrain, how much does the gain change? 


THE COMMON-DRAIN AMPLIFIER 


The common-drain (CD) amplifier is comparable to the common-collector BJT amplifier. 
Recall that the CC amplifier is called an emitter-follower. Similarly, the common-drain 
amplifier is called a source-follower because the voltage at the source is approximately 
the same amplitude as the input (gate) voltage and is in phase with it. In other words, the 
source voltage follows the gate input voltage. 


After completing this section, you should be able to 


4 Explain and analyze the operation of common-drain FET amplifiers 
¢ Define the term source-follower 
4 Analyze common-drain JFET amplifier operation 
¢ Determine the voltage gain ¢ Determine the input resistance ¢ Use a datasheet 


A common-drain JFET amplifier is one in which the input signal is applied to the 
gate and the output is taken from the source, making the drain common to both. Because 
it is common, there is no need for a drain resistor. A common-drain JFET amplifier is 
shown in Figure 9-18. A common-drain amplifier is also called a source-follower. 
Self-biasing is used in this particular circuit. The input signal is applied to the gate 
through a coupling capacitor, C), and the output signal is coupled to the load resistor 
through C>. 


> FIGURE 9-18 Vion 
fe) 


JFET common-drain amplifier 
(source-follower). 


Voltage Gain 


As in all amplifiers, the voltage gain is A, = V,,;/Vin- For the source-follower, Vj,; is 
TgR, and Vin is Ves + IgRs, as shown in Figure 9-19. Therefore, the gate-to-source 
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<@ FIGURE 9-19 

Voltages in a common-drain amplifier 
with a load resistor shown combined 
with Rs. 


voltage gain is [gR,/(Vgs + IRs). Substituting J7 = g,,Vgs into the expression gives the 
following result: 


He st 8inVesks 
Vos + 8nVesKs 
The V,, terms cancel, so 
= _ 8nlks Equation 9-6 
7 1 + gmR, 


Notice here that the gain is always slightly less than 1. If g,,R, >> 1, then a good approx- 
imation is A, = 1. Since the output voltage is at the source, it is in phase with the gate 
(input) voltage. 


Input Resistance 


Because the input signal is applied to the gate, the input resistance seen by the input sig- 
nal source is extremely high, just as in the common-source amplifier configuration. The 
gate resistor, Rg, in parallel with the input resistance looking in at the gate is the total 
input resistance. 


Rin = Rg || Rweate) Equation 9-7 


where Rin(gate) = Vas/Icss- 
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of the amplifier in Figure 9-20 using the datasheet infor- 
determine the input resistance. Use minimum datasheet 
negative because it is a p-channel device. 


Vpp 
-10V 
° 

2N5460 
Cy 
Vout 

Rs 10 uF R, 

10 MQ 10kQ 10kQ, 
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Electrical Characteristics (T, = 25°C unless otherwise noted.) 


Characteristic Symbol Min Typ Max Unit 
OFF Characteristics 
Gate-Source breakdown voltage Vipryass V de 
(Ug = 10 wA de, Vp, = 0) 2N5460, 2N5461, 2N5462 40 = = 
2N5463, 2N5464, 2N5465 60 = - 
Gate reverse current Ioss 
(Vgs = 20 V de, Vpg = 0) 2N5460, 2N5461, 2N5462 = - 5.0 nA de 
(Vag = 30 V de, Vpg = 9) 2N5463, 2N5464, 2N5465 - = 5.0 
(Vgg = 20 V de, Vpg = 0, T, = 100°C) 2N5460, 2N5461, 2N5462 - - 1.0 uAdc 
(Vgs = 30 V de, Vpg = 0, Ty = 100°C) 2N5463, 2N5464, 2N5465 - = 1.0 
Gate-Source cutoff voltage Vasvott) V de 
(Vps = 15 V de, Ip = 1.0 WA de) 2N5460, 2N5463 0.75 as 6.0 
2N5461, 2N5464 1.0 = TS 
2N5462, 2N5465 1.8 - 9.0 
Gate-Source voltage Vos 
(Vpg = 15 V de, Ip = 0.1 mA de) 2N5460, 2N5463 0.5 = 4.0 Vdc 
(Vpg = 15 V de, Ip = 0.2 mA de) 2N5461, 2N5464 0.8 a 4.5 
(Vps = 15 V de, Ip = 0.4 mA de) 2N5462, 2N5465 1.5 = 6.0 
ON Characteristics 
Zero-gate-voltage drain current loss mA de 
(Vpg = 15 V de, Veg = 0, 2N5460, 2N5463 -1.0 - -5.0 
f= 1.0 kHz) 2N5461, 2N5464 -2.0 - -9.0 
2N5462, 2N5465 -4.0 - -16 
Small-Signal Characteristics 
Forward transfer admittance 1 YI ymhos 
(Vps = 15 V de, Vgg = 0, f= 1.0 kHz) 2N5460, 2N5463 1000 = 4000 or 
2N5461, 2N5464 1500 - 5000 us 
2N5462, 2N5465 2000 = 6000 
Output admittance Pe - 7 75 umhos or 
(Vpg = 15 V de, Vgg = 0, f= 1.0 kHz) US 
Input capacitance Ciss - 5.0 7.0 pF 
(Vps = 15 V de, Vag = 0, f= 1.0 MHz) 
Reverse transfer capacitance (oon = 1.0 2.0 pF 
(Vpg = 15 V de, Vgg = 0, f= 1.0 MHz) 


A FIGURE 9-21 
Partial datasheet for the 2N5460—2N5465 p-channel JFETs. 


Solution Since Ry >> Rs,R, = Rg. From the partial datasheet in Figure 9-21, g_, = yg = 
1000 4S (minimum). The voltage gain is 
i 8nks (1000 wS)10kQ) 
"1+ gmRs 1 + (1000 wS)(10kQ) 


= 0.909 


From the datasheet, Jggs = 5 nA (maximum) at Vos = 20 V. Therefore, 
Ves  20V 
Igss SnA 
Rin = Rg | RyN(gate) — 10 MO | 4000 MQ = 10 MO 


Ryn(gate) 4000 MQ, 


Related Problem If the maximum value of g,, of the 2N5460 JFET in the source-follower of Figure 9-20 
is used, what is the voltage gain? 


Open the Multisim file E09-09 in the Examples folder on the companion website. 
Measure the voltage gain using an input voltage of 10 mV rms to see how it com- 
pares with the calculated value. 


1. What is the ideal maximum voltage gain of a common-drain amplifier? 
2. What factors influence the voltage gain of a common-drain amplifier? 
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9-3 THE COMMON-GATE AMPLIFIER 


The common-gate FET amplifier configuration is comparable to the common-base BJT 
amplifier. Like the CB, the common-gate (CG) amplifier has a low input resistance. This 
is different from the CS and CD configurations, which have very high input resistances. 


After completing this section, you should be able to 


1 oO 


Common-Gate Amplifier Operation 


A self-biased common-gate amplifier is shown in Figure 9-22. The gate is connected 
directly to ground. The input signal is applied at the source terminal through C;. The output 
is coupled through C from the drain terminal. 


£Vinn 4 FIGURE 9-22 


JFET common-gate amplifier. 


Voltage Gain The voltage gain from source to drain is developed as follows: 
Vour _ Va _ TaRa _ 8mVesRa 
Vi. Ves Vos Vos 

Ay = 8mRa 


A, = 


where Ry = Rp || R,. Notice that the gain expression is the same as for the common-source 
JFET amplifier. 


Input Resistance As you have seen, both the common-source and common-drain config- 
urations have extremely high input resistances because the gate is the input terminal. In con- 
trast, the common-gate configuration where the source is the input terminal has a low input 
resistance. This is shown as follows. First, the input current is equal to the drain current. 


I; = I, = Iq = 8mV gs 


Second, the input voltage equals V,,,. 
Vin = Ves 
Therefore, the input resistance at the source terminal is 
Vin Ves 


Rin(source) + a. — 


in & mV gs 


Rin(source) = 


Equation 9-8 


Equation 9-9 


5 
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If, for example, g,, has a value of 4000 wS, then 


R = 2500, 


1 
in(source) — 4000 4S 


EXAMPLE 9-10 


Solution 


Related Problem 


it Measure the voltage using a 10 mV rms input voltage. 


Determine the minimum voltage gain and input resistance of the amplifier in Figure 9-23. 
Vpp is negative because it is a p-channel device. 


» FIGURE 9-23 


From the datasheet in Figure 9-21, g,. = 2000 wS minimum. This common-gate am- 
plifier has a load resistor, so the effective drain resistance is Rp || R;, and the minimum 
voltage gain is 
Ay = 8m(Rp || KR) = (2000 wS)10kO || 10kO) = 10 
The input resistance at the source terminal is 
R 1 1 
in(source) Ln 2000 pS 


= 5000 


The signal source actually sees Rg in parallel with Rin(source), SO the total input resistance is 


R;, = [Seawanniaa) | Rs = 500 0 | Aw, kO = 452 Oo 


What is the input resistance in Figure 9-23 if Rs is changed to 10k? 


Open the Multisim file E09-10 in the Examples folder on the companion website. 


The Cascode Amplifier 


One application in which the common-gate configuration is found is the cascode amplifier, 
commonly used for RF (radio frequency) applications. A cascode amplifier is one in which a 
common-source amplifier and a common-gate amplifier are connected in a series arrangement. 
BJTs can also be used to form cascode amplifiers (a common-emitter and a common-base). A 
JFET cascode amplifier circuit is shown in Figure 9-24. The input stage is a common-source 
amplifier, and its load is a common-gate amplifier connected in the drain circuit. 

The cascode amplifier using JFETs provides a very high input resistance and signifi- 
cantly reduces capacitive effects to allow for operation at much higher frequencies than a 
common-source amplifier alone. Internal capacitances, which exist in every type of tran- 
sistor, become significant at higher frequencies and reduce the gain of inverting amplifiers 
as described by the Miller effect, covered in Chapter 10. The first stage is a CS amplifier 
that inverts the signal. However, the gain is very low because of the low input resistance of 
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Vop <4 FIGURE 9-24 


~ (e} “Ge 
Common-gate amplifier A JFET cascode amplifier. 


Common-source amplifier 


the CB amplifier that it is driving. As a result, the effect of internal capacitances on the 
high-frequency response is very small. The second stage is a CG amplifier that does not in- 
vert the signal, so it can have high gain without degrading the high-frequency response. 
The combination of the two amplifiers provides the best of both circuits, resulting in high 
gain, high input resistance, and an excellent high-frequency response. 

The voltage gain of the cascode amplifier in Figure 9-24 is a product of the gains of 
both the CS and the CG stages. However, as mentioned, the gain is primarily provided by 
the CG amplifier. 


Ay = AycsyAyca) = (8mcs)Ra)(8mca)XL) 


Since Ry of the CS amplifier stage is the input resistance of the CG stage and X; is the re- 
actance of the inductor in the drain of the CG stage, the voltage gain is 


Ay = (snes ' ) \eemeorXs = 8mCG)AL 
&§&m(CG) 
assuming the transconductances of both transistors are approximately the same. From the 
equation you can see that the voltage gain increases with frequency because X,, increases. 
As the frequency continues to increase, eventually capacitance effects become significant 
enough to begin reducing the gain. 
The input resistance to the cascade amplifier is the input resistance to the CS stage. 


Vas 
Rin = R3 | (, ) 
GSS 


5 
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EXAMPLE 9-11 For the cascode amplifier in Figure 9—24, the transistors are 2N5485s and have a minimum 
8m (8p) Of 3500 pS. Also, Igss = —1 nA at Ves = 20 V. If R3 = 10 MO and L = 1.0 mH, 


determine the voltage gain and the input resistance at a frequency of 100 MHz. 


Solution Ay = 8mcc) Xz = 8mcc2mfL) = (3500 pS) 277(100 MHz)(1.0 mH) = 2199 


v 20 V 
Rin = R3 | (5) = 10MQ | on 
Igss 1 nA 


Related Problem What happens to the voltage gain in the cascode amplifier if the inductance value is 


increased? 


) = 9,995 MO, 
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jor difference between a common-gate amplifier and the other two con- 


ymmon factor determines the voltage gain and the input resistance of a 
-gate amplifier? 
ie advantages of a cascode amplifier. 
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» FIGURE 9-25 


Basic class D audio amplifier. 


In Chapter 7, class A, class B, and class AB amplifiers were introduced. Those types 
of amplifiers are generally implemented with either BJTs or FETs. The class D ampli- 
fier, however, primarily uses only MOSFETs. The class D differs fundamentally from 
the other classes because its output transistors are switched on and off in response to 
an analog input instead of operating linearly over a continuous range of input values. 


After completing this section, you should be able to 


4 Discuss the operation of a class D amplifier 
a Explain pulse-width modulation (PWM) 
¢ Describe a basic pulse-width modulator ¢ Discuss frequency spectra 
4 Describe the complementary MOSFET stage 
¢ Determine the efficiency 
4 Describe the purpose of the low-pass filter 
4 Describe the signal flow through a class D amplifier 


In a class D amplifier, the output transistors are operated as switches instead of operating 
linearly as in the classes A, B, and AB. An advantage in audio applications is that a class D 
amplifier can operate at a maximum theoretical efficiency of 100% compared to class A at 
25% and class B/AB at 79%. In practice, efficiencies over 90% can be achieved with class D. 

A basic block diagram of a class D amplifier driving a speaker is shown in Figure 9-25. 
It consists of a pulse-width modulator driving complementary MOSFET output transistors 
operating as switches and followed by a low-pass filter. Most class D amplifiers operate on 
dual-polarity power supplies. The MOSFETs are basically push-pull amplifiers that are op- 
erated as switching devices, rather than linear devices as in the case of class B amplifiers. 


xz 
Complementary 
Input __, pulse-width = ——— _ push-pull ——— _Low-pass 9 ——_ 
signal modulator switching filter 
amplifier 


Pulse-Width Modulation (PWM) 


Pulse-width modulation is a process in which an input signal is converted to a series of 
pulses with widths that vary proportionally to the amplitude of the input signal. This is il- 
lustrated in Figure 9—26 for one cycle of a sinusoidal signal. Notice that the pulse width is 
wider when the amplitude is positive and narrower when the amplitude is negative. The 
output will be a square wave if the input is zero. 

The PWM signal is typically produced using a comparator circuit. Comparators are dis- 
cussed in more detail in Chapter 13, but here is a basic explanation of how they work. A 


Input 
signal 


+V. 


sat 


PWM 


comparator has two inputs and one output, as shown by the symbol in Figure 9-27. The input 
labeled + is called the noninverting input, and the input labeled — is the inverting input. When 
the voltage on the inverting input exceeds the voltage on the noninverting input, the compara- 
tor switches to its negative saturated output state. When the voltage on the noninverting input 
exceeds the voltage on the inverting input, the comparator switches to its positive saturated 
output state. This is illustrated in Figure 9—27 for one cycle of a sine wave voltage on the non- 
inverting input and a higher frequency triangular wave voltage on the inverting input. 


Input signal 


(mV) Input oO 
Modulating Comparator 0 
waveform (mV) 
Triangular- 
wave 
PWM output (V) generator ! 


A FIGURE 9-27 


A basic pulse-width modulator. 


The comparator inputs are typically very small voltages (mV range); and the compara- 
tor output is “rail-to-rail” which means that the positive maximum is near the positive dc 
supply voltage and the negative maximum is near the negative dc supply voltage. An out- 
put of +12 V or 24 V peak-to-peak is not unusual. From this, you can see that the gain can 
be quite high. For example, if the input signal is 10 mVpp, the voltage gain is 24 Vpp/ 
10 mVpp = 2400. Since the comparator output amplitude is constant for a specified range 
of input voltages, the gain is dependent on the input signal voltage. If the input signal is 
100 mVpp, the output is still 24 Vpp, and the gain is 240 instead of 2400. 


Frequency Spectra All nonsinusoidal waveforms are made up of harmonic frequencies. 
The frequency content of a particular waveform is called its spectrum. When the triangular 
waveform modulates the input sine wave, the resulting spectrum contains the sine wave fre- 
quency, finput Plus the fundamental frequency of the triangular modulating signal, f,,, and har- 
monic frequencies above and below the fundamental frequency. These harmonic frequencies 
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<@ FIGURE 9-26 


Pulse-width modulated sine wave. 
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> FIGURE 9-28 


Frequency spectrum of a PWM signal. 


» FIGURE 9-29 


Complementary MOSFETs operating 
as switches to amplify power. 


are due to the fast rise and fall times of the PWM signal and the flat areas between the pulses. 
A simplified frequency spectrum of a PWM signal is shown in Figure 9-28. The frequency of 
the triangular waveform must be significantly higher than the highest input signal frequency 
so that the lowest frequency harmonic is well above the range of input signal frequencies. 


WH 


The Complementary MOSFET Stage 


The MOSFETs are arranged in a common-source complementary configuration to provide 
power gain. Each transistor switches between the on state and the off'state and when one tran- 
sistor is on, the other one is off, as shown in Figure 9-29. When a transistor is on, there is very 
little voltage across it and, therefore, there is very little power dissipated even though it may 
have a high current through it. When a transistor is off, there is no current through it and, 
therefore, there is no power dissipated. The only time power is dissipated in the transistors is 
during the short switching time. Power delivered to a load can be very high because a load 
will have a voltage across it nearly equal to the supply voltages and a high current through it. 


input 


+Vpp 
Q, off 
Q, on 0, 
Low-pass 
filter 
Q) on | Li 
O, off Q> oad 
—Vpp 


Efficiency When Q, is on, it is providing current to the load. However, ideally the volt- 
age across it is zero so the internal power dissipated by Q, is 


Pog = Vol, = OV), = OW 
At the same time, Q> is off and the current through it is zero, so the internal power is 
Ppg = Vool, = Vox(0 A) = OW 
Ideally, the output power to the load is 2Vg /;. The maximum ideal efficiency is, therefore, 


Pout Pout 2 2VolL. = 
Nmax 1 
Prot Pow + Pog 2Vol, + OW 


AS a percentage, Ning, = 100%. 
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In a practical case, each MOSFET would have a few tenths of a volt across it in the on 
state. There is also a small internal power dissipation in the comparator and triangular 
wave generator. Also, power is dissipated during the finite switching time, so the ideal 
efficiency of 100% can never be reached in practice. 


EXAMPLE 9-12 A certain class D amplifier dissipates an internal power of 100 mW in the comparator, 
triangular-wave generator, and filter combined. Each MOSFET in the complementary 
stage has a voltage of 0.4 V across it in the on state. The amplifier operates from 
+15 V dc sources and provides 0.5 A to the load. Neglecting any voltage dropped 
across the filter, determine the output power and the overall efficiency. 


Solution The output power to the load is 
= ppa Voir — (19 V — 0.4V)(0.5 A) = 7.3W 


The total internal power dissipation (Pioin7)) is the power in the complementary stage 
in the on state (Ppg) plus the internal power in the comparator, triangular-wave gener- 
ator, and filter (Pjn1). 
aren) = Poo ar Pe = (400 mvV)(0.5 A) + 100 mW 
= 200 mW + 100mW = 300 mW 


The efficiency is 


loa 7.3W 
lat ar erin) 7.6 W 


n = 0.961 


Related Problem There is 0.5 V across each MOSFET when it is on and the class D amplifier operates 
with +12 V dc supply voltages. Assuming all other circuits in the amplifier dissipate 
75 mW and 0.8 A is supplied to the load, determine the efficiency. 


Low-Pass Filter 


The low-pass filter removes the modulating frequency and harmonics and passes only the 
original signal to the output. The filter has a bandwidth that passes only the input signal 
frequencies, as illustrated in Figure 9-30. 


Vv <@ FIGURE 9-30 
A 


The low-pass filter removes all but 
the input signal frequency from the 
PWM signal. 


Filter response 


Jn 


Filter cutoff frequency 


Signal Flow 


Figure 9-31 shows the signals at each point in a class D amplifier. A small audio signal is 
applied and pulse-width modulated to produce a PWM signal at the output of the modula- 
tor where voltage gain is achieved. The PWM drives the complementary MOSFET stage to 
achieve power amplification. The PWM signal is filtered and the amplified audio signal 
appears on the output with sufficient power to drive a speaker. 
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A FIGURE 9-31 


Signal flow in a class D amplifier. 


1. Name the three stages of a class D amplifier. 


). In pulse-width modulation, to what is the pulse width proportional? 
. How is the PWM signal changed to an audio signal? 


MOSFET ANALOG SWITCHING 


MOSFETs are widely used in analog and digital switching applications. In the preceding 
section, you saw how MOSFETs are used in the switching mode in Class D amplifiers. 
Generally, they exhibit very low on-resistance, very high off-resistance, and fast switch- 
ing times. 


After completing this section, you should be able to 


4 Describe how MOSFETs can be used in analog switching applications 

4 Explain how a MOSFET operates as a switch 
¢ Discuss load line operation ¢ Discuss the ideal switch 

4 Describe a MOSFET analog switch 

4 Discuss analog switch applications 
¢ Explain a sampling circuit ¢ Explain an analog multiplexer ¢ Explain a 
switched-capacitor circuit 


MOSFET Switching Operation 


E-MOSFETs are generally used for switching applications because of their threshold char- 
acteristic, Vgsctn). When the gate-to-source voltage is less than the threshold value, the 
MOSFET is off: When the gate-to-source voltage is greater than the threshold value, the 
MOSFET is on. When Vgzg is varied between Vegith) and Vgs(on), the MOSFET is being 
operated as a switch, as illustrated in Figure 9-32. In the off state, when Vgg < Vast), the 
device is operating at the lower end of the load line and acts like an open switch (very high 
Rps). When Vgg is sufficently greater than Vggith), the device is operating at the upper end 
of the load line in the ohmic region and acts like a closed switch (very low Rps). 


The Ideal Switch Refer to Figure 9-33(a). When the gate voltage of the n-channel 
MOSFET is + V, the gate is more positive than the source by an amount exceeding Vs (tn). 
The MOSFET is on and appears as a closed switch between the drain and source. When 
the gate voltage is zero, the gate-to-source voltage is 0 V. The MOSFET is off and appears 
as an open switch between the drain and source. 

Refer to Figure 9-33(b). When the gate voltage of the p-channel MOSFET is 0 V, the 
gate is less positive than the source by an amount exceeding Vgscth). The MOSFET is on 
and appears as a closed switch between the drain and source. When the gate voltage is + V, 
the gate-to-source voltage is 0 V. The MOSFET is off and appears as an open switch 
between the drain and source. 
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In ohmic 


region, Rpg is 
very low and the 
MOSFET is like 
a closed switch. 


Vascon) 


Ipyon) (i 


At or below Vegan), 
Rpg is very high 
and the MOSFET 
is like an open 
switch. 


Vpsvon) Vps(oft) 
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<@ FIGURE 9-32 


Switching operation on the load line. 


+V +V +V 


(eo) 
ae OFF i 
D 


(a) n-channel MOSFET and switch equivalent (b) p-channel MOSFET and switch equivalent 


A FIGURE 9-33 


The MOSFET as a switch. 


The Analog Switch 


MOSFETs are commonly used for switching analog signals. Basically, a signal applied to the 
drain can be switched through to the source by a voltage on the gate. A major restriction is that 
the signal level at the source must not cause the gate-to-source voltage to drop below Vestn). 

A basic n-channel MOSFET analog switch is shown in Figure 9-34. The signal at the 
drain is connected to the source when the MOSFET is turned on by a positive Vgg and is 
disconnected when Vgg is 0, as indicated. 


OFF gy ON 
° ‘O- ° O 


OV +Vg 


(a) (b) 


When the analog switch is on, as illustrated in Figure 9-35, the minimum gate-to- 
source voltage occurs at the negative peak of the signal. The difference in Vg and —V,(o,) 
is the gate-to-source voltage at the instant of the negative peak and must be equal to or 
greater than Vgsin) to keep the MOSFET in conduction. 


Vos = Vo — Vpouty = Vosctn) 


<@ FIGURE 9-34 


Operation of an n-channel MOSFET 
analog switch. 
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> FIGURE 9-35 Input Output 


5 : ee icat ON 
Signal amplitude is limited by Doe 4 ay. 
Vostth)- .. yp 


a } i. p(out) 
Vosan) 
+VG 
EXAMPLE 9-13 A certain analog switch similar to the one shown in Figure 9-35 uses an n-channel 


MOSFET with Vesiin) = 2 V. A voltage of +5 V is applied at the gate to turn the 
switch on. Determine the maximum peak-to-peak input signal that can be applied, 
assuming no voltage drop across the switch. 


Solution The difference between the gate voltage and the negative peak of the signal voltage 
must equal or exceed the threshold voltage. For maximum Voy), 


Va — Vpvout) = Vosch) 
etme Gm csi: ~ >V¥ —2V =-3V 


Vpp(in) = 2V (out) S XS V) =6V 


Vp 


Related Problem What would happen if V,,;n) exceeded the maximum value? 


Analog Switch Applications 


Sampling Circuit One application of analog switches is in analog-to-digital conversion. 
The analog switch is used in a sample-and-hold circuit to sample the input signal at a cer- 
tain rate. Each sampled signal value is then temporarily stored on a capacitor until it can be 
converted to a digital code by an analog-to-digital converter (ADC). To accomplish this, 
the MOSFET is turned on for short intervals during one cycle of the input signal by pulses 
applied to the gate. The basic operation, showing only a few samples for clarity, is illus- 
trated in Figure 9-36. 


» FIGURE 9-36 


Input signal 


ca | i iu ; 


\ il Gate pulses 
Switch off 


Sampled output 
signal 


The analog switch operating as a 
sampling circuit. 


(a) Circuit action (b) Waveform diagram 


The minimum rate at which a signal can be sampled and reconstructed from the samples 
must be more than twice the maximum frequency contained in the signal. The minimum 
sampling frequency is called the Nyquist frequency. 


sample (min) = 2fsignal (max) 
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When a gate pulse is at its high level, the switch is turned on and the small portion of the 
input waveform occurring during that pulse appears on the output. When the pulse wave- 
form is at its 0 V level, the switch is turned off and the output is also at 0 V. 


EXAMPLE 9-14 An analog switch is used to sample an audio signal with a maximum frequency of 
8 kHz. Determine the minimum frequency of the pulses applied to the MOSFET gate. 


Solution sample (min) = fsignal (max) — 2(8 kHz) = 16kHz 
The sampling frequency must be greater than 16 kHz. 


Related Problem What is the minimum sampling frequency if the highest frequency in the audio signal 
is 12 kHz? 


Analog Multiplexer Analog multiplexers are used where two or more signals are to be 
routed to the same destination. For example, a two-channel analog sampling multiplexer is 
shown in Figure 9-37. The MOSFETs are alternately turned on and off so that first one sig- 
nal sample is connected to the output and then the other. The pulses are applied to the gate 
of switch A, and the inverted pulses are applied to the gate of switch B. A digital circuit 
known as an inverter is used for this. When the pulses are high, switch A is on and switch B 
is off’ When the pulses are low, switch B is on and switch A is off: This is called time- 
division multiplexing because signal A appears on the output during time intervals when 
the pulse is high and signal B appears during the time intervals when the pulse is low. That 
is, they are interleaved on a time basis for transmission on a single line. 


<@ FIGURE 9-37 


The analog multiplexer is alternately 
sampling two signals and interleav- 
ing them on a single output line. 


Switched-Capacitor Circuit Another application of MOSFETs is in switched-capacitor 
circuits commonly used in integrated circuit programmable analog devices known as 
analog signal processors. Because capacitors can be implemented in ICs more easily than 
a resistor, they are used to emulate resistors. Capacitors also take up less space on a chip 
than an IC resistor and dissipate no power. Many types of analog circuits use resistors to 
determine voltage gain and other characteristics and by using switched capacitors to emu- 
late resistors, dynamic programming of analog circuits can be achieved. 

For example, in a certain type of IC amplifier circuit that you will study later, two 
external resistors are required as shown in Figure 9-38. The values of these resistors 
establish the voltage gain of the amplifier as A, = Ro/Rj. 
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Equation 9-10 


» FIGURE 9-38 


A type of IC amplifier. 


A switched-capacitor can be used to emulate a resistor as shown in Figure 9-39 using a 
mechanical switch analogy (MOSFETs are actually used as the switches). Switch 1 and 
switch 2 are alternately turned on and off at a certain frequency to charge or discharge C, 
depending on the values of the voltage sources. In the case of R, in Figure 9-38, V;,, and V, 
are represented by V, and Vg, respectively. For R2, V; and V,,,, are represented by Va and 
Vp, respectively. 


hee T ont wi 
OT @- © 


A FIGURE 9-39 


A switched capacitor emulates a resistance. 


It can be shown (see Appendix B) that the capacitor emulates a resistance with a value 
that depends on the frequency at which the switches are turned on and off and the capaci- 
tance value. 


_ 1 
= Fe 
By changing the frequency, the effective resistance value can be altered. 

Complementary E-MOSFETs and capacitors can be used to replace the resistors in the 
amplifier, as shown in Figure 9-40. When Q, is on, Q> is off and vice versa. The frequency 
f, and C are selected to provide the required value of R,. Likewise, f; and C2 provide the 
required value of Rj. To reprogram the amplifier for a different gain, the frequencies are 
changed. 


R 


hh 


Ry = UfyCy 


R= WAC AAA 
—Wws+— 


out 


if 


The IC amplifier in Figure 9-38 with switched-capacitor circuits replacing the resistors. 


A FIGURE 9-40 
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n does an E-MOSFET act as an open switch? 

| does an E-MOSFET act as a closed switch? 
/pe of voltage is generally used to control an analog switch? 
ed-capacitor circuit, on what does the emulated resistance depend? 


9-6 MOSFET DIGITAL SWITCHING 


In the preceding section, you saw how MOSFETs are used to switch analog signals. 


MOSFETs are also used in switching applications in digital integrated circuits and in 
power control circuits. MOSFETs used in digital ICs are low-power types, and those 
used in power control are high-power devices. 


After completing this section, you should be able to 


4 Describe how MOSFETs are used in digital switching applications 

4 Discuss complementary MOS (CMOS) 
« Explain CMOS inverter operation ¢ Explain CMOS NAND gate operation 
¢ Explain CMOS NOR gate operation 

4 Discuss MOSFETs in power switching 


CMOS (Complementary MOS) 


CMOS combines n-channel and p-channel E-MOSFETs in a series arrangement as shown 
in Figure 9—41(a). The input voltage at the gates is either 0 V or Vpp. Notice that Vpp and 
ground are both connected to source terminals of the transistors. To avoid confusion, the 
term Vpp is used for the positive voltage, which is on the p-channel device’s source terminal. 
When V;, = 0 V, Q; is on and Q> is off, as shown in part (b). Because Q, is acting as a 
closed switch, the output is approximately Vpp. When V;,,= Vpp, Q2 is on and Q, is off, as 
shown in part (c). Because Q) is acting as a closed switch, the output is essentially con- 
nected to ground (0 V). 


Vw Vop Wai <4 FIGURE 9-41 


CMOS inverter operation. 


° 
Q, Q, on ~~) Q, off 


Vin Vout OV Vpp Vpp 0—® @—00V 


Q, Q, off =) Q, on 


(a) (b) (c) 


A major advantage of CMOS is that it consumes very little dc power. Because the 
MOSFETs are in series and one of them is always off, there is essentially no current from 
the dc supply in the quiescent state. When the MOSFETs are switching, there is current for 
a very short time because both transistors are on during this very short transition from one 
state to the other. 
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Inverter Notice that the circuit in Figure 9—41 actually inverts the input because when 
the input is 0 V or low, the output is Vpp or high. When the input is Vpp or high, the out- 
put is 0 V or low. For this reason, this circuit is called an inverter in digital electronics. 


NAND Gate In Figure 9—42(a), two additional MOSFETs and a second input are added 
to the CMOS pair to create a digital circuit known as a NAND gate. Q, is connected in 
parallel with Q;, and Q3 is connected in series with Q,. When both inputs, Va and Vg, are 0, 
Q, and Q, are on while Q) and Q3 are off, making V,,47 = Vpp. When both inputs are equal 
to Vpp, Q; and Qy are off while Q5 and Q3 are on, making V,,,, = 0. You can verify that 
when the inputs are different, one at Vpp and the other at 0, the output is equal to Vpp. The 
operation is summarized in the table of Figure 9—42(b) and can be stated: 
When V, AND Vy are high, the output is low; otherwise, the output is high. 


» FIGURE 9-42 
CMOS NAND gate operation. 


Va Vp Q; Q@ Q G Vout 


0 0 on off off on Vpp 
0 Vpp off off off on Vpp 
Vz oO Vpp 0 on off off off  Vpp 


Vpp Vpp off on on off 0 


(a) (b) 


NOR Gate In Figure 9-43(a), two additional MOSFETs and a second input are added to 
the CMOS pair to create a digital circuit known as a NOR gate. Q, is connected in parallel 
with Q>, and Q; is connected in series with Q;. When both inputs, Va and Vp, are 0, Q; and 


> FIGURE 9-43 Vop 
CMOS NOR ate operation. 
Vs O—@ O 
3 
Vz o 0, 
Va Vp Qi Q Q3 Qe Vou 
0 Vou 
0 0 on off on off  Vpp 
0 Vpp off on on off 0 
O4 QO, 
Vpp 0 on off on off 0 


(a) (b) 
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Q3 are on while Q> and Qy are off, making V,,; = Vpp. When both inputs are equal to 
Vpp, Q) and Q3 are off while Q> and Q4 are on, making V,,,; = 0. You can verify that when 
the inputs are different, one at Vpp and the other at 0, the output is equal to 0. The opera- 
tion is summarized in the table of Figure 9—-43(b) and can be stated: 

When V, OR Vz OR both are high, the output is low; otherwise, the output is high. 


EXAMPLE 9-15 A pulse waveform is applied to a CMOS inverter as shown in Figure 9-44. Determine 


the output waveform and explain the operation. 


FIGURE 9-44 


ul | | | 
0 V; 


in 


Vpp 


Solution The output waveform is shown in Figure 9-45 in relation to the input. When the input 
pulse is at Vpp, Q) is off and Q> is on, connecting the output to ground (0 V). When 


the input pulse is at 0, Q is on and Q> is off, connecting the output to Vpp. 


FIGURE 9-45 
Vpp 
Vin 
0 
Vpp 
Want 
0 


Related Problem _ If the output of the CMOS inverter in Figure 9-44 is connected to the input of a sec- 


ond CMOS inverter, what is the output of the second inverter? 


MOSFETs in Power Switching 


The BJT was the only power transistor until the MOSFET was introduced. The BJT 
requires a base current to turn on, has relatively slow turn-off characteristics, and is sus- 
ceptible to thermal runaway due to a negative temperature coefficient. The MOSFET, how- 
ever, is voltage controlled and has a positive temperature coefficient, which prevents thermal 
runaway. The MOSFET can turn off faster than the BJT, and the low on-state-resistance 
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» FIGURE 9-46 
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results in conduction power losses lower than with BJTs. Power MOSFETs are used for 
motor control, dc-to-ac conversion, dc-to-de conversion, load switching, and other applica- 
tions that require high current and precise digital control. 


a basic CMOS inverter. 
2-input digital CMOS circuit has a low output only when both inputs are 


e of 2-input digital CMOS circuit has a high output only when both inputs 


TROUBLESHOOTING 


A technician who understands the basics of circuit operation and who can, if necessary, 
perform basic analysis on a given circuit is much more valuable than one who is limited 
to carrying out routine test procedures. In this section, you will see how to test a circuit 
board that has only a schematic with no specified test procedure or voltage levels. In 
this case, basic knowledge of how the circuit operates and the ability to do a quick 
circuit analysis are useful. 


After completing this section, you should be able to 


4 Troubleshoot FET amplifiers 
4 Troubleshoot a two-stage common-source amplifier 


¢ Explain each step in the troubleshooting procedure 


¢ Relate the circuit board to the schematic 


Use a datasheet 


Chapter 18: Basic Programming Concepts for Automated Testing 
Selected sections from Chapter 18 may be introduced as part of this troubleshooting 
coverage or, optionally, the entire Chapter 18 may be covered later or not at all. 


A two-stage CS JFET amplifier circuit. 


A Two-Stage Common-Source Amplifier 


Assume that you are given a circuit board containing an audio amplifier and told simply 
that it is not working properly. The circuit is a two-stage CS JFET amplifier, as shown in 


Figure 9-46. 
+12V 
Ry Rs 
15kQ ¢, 1SKQ 
on ° || Ld \ OV out 
in | (ye 0.1 uF (Le 10 uF 
0.1 uF 


R; | Cy 


240 0 100 wF 


The problem is approached in the following sequence. 


Step 1: 


Step 2: 


Step 3: 


Step 4: 


Step 5: 


Determine what the voltage levels in the circuit should be so that you know 
what to look for. First, pull a datasheet on the particular transistor (assume 
both Q; and Q> are found to be the same type of transistor) and determine the 
8 SO that you can calculate the typical voltage gain. Assume that for this par- 
ticular device, a typical g,, of 5000 uS is specified. Calculate the expected 
typical voltage gain of each stage (notice they are identical) based on the typ- 
ical value of g,,. The g,,, of actual devices may be any value between the spec- 
ified minimum and maximum values. Because the input resistance is very 
high, the second stage does not significantly load the first stage, as in a BJT 
amplifier. So, the unloaded voltage gain for each stage is 


Ay = gmR2 = (5000 wS)1.5kQ) = 7.5 
Since the stages are identical, the typical overall gain should be 
Ay, = (7.5)(7.5) = 56.3 


Assume the dc levels have been checked and verified. You are now ready to 
move to ac signal checks. 


Arrange a test setup to permit connection of an input test signal, a dc supply 
voltage, and ground to the circuit. The schematic shows that the de supply 
voltage must be +12 V. Choose 10 mV rms as an input test signal. This value 
is arbitrary (although the capability of your signal source is a factor), but 
small enough that the expected output signal voltage is well below the 
absolute peak-to-peak limit of 12 V set by the supply voltage and ground 
(you know that the output voltage swing cannot go higher than 12 V or lower 
than 0 V). Set the frequency of the sinusoidal signal source to an arbitrary 
value in the audio range (say 10 kHz) because you know this is an audio 
amplifier. The audio frequency range is generally accepted as 20 Hz to 20 kHz. 


Check the input signal at the gate of Q; and the output signal at the drain of 
Q) with an oscilloscope. The results are shown in Figure 9-47. The measured 
output voltage has a peak value of 226 mV. The expected typical peak output 
voltage is 


Vout = VinAy = 4.14mV)(56.3) = 796 mV peak 
The output is much less than it should be. 


Trace the signal from the output toward the input to determine the fault. 
Figure 9-47 shows the oscilloscope displays of the measured signal 
voltages. The voltage at the gate of Qj is 106 mV peak, as expected 
(14.14mV X 7.5 = 106 mV). This signal is properly coupled from the drain 
of Q;. Therefore, the problem lies in the second stage. From the oscilloscope 
displays, the gain of Q> is much lower than it should be (213 mV/100 mV = 
2.13 instead of 7.5). 


Analyze the possible causes of the observed malfunction. There are three 
possible reasons the gain is low: 


1. Q> has a lower transconductance (g,,) than the specified typical value. 
Check the datasheet to see if the minimum g,, accounts for the lower 
measured gain. 


2. Rs has a lower value than shown on the schematic. An incorrect value 
should show up with dc voltage checks, particularly if the value is much 
different than specified, so this is not the likely cause in this case. 


3. The bypass capacitor Cy is open. 
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5 mV/div 50 us/div 50 mV/div 50 ps/div 


+12 Vdc 
10 mV rms @ 10 kHz 
Ground 


> aH 


100 mV/div 50 us/div 


A FIGURE 9-47 


Oscilloscope displays of signals in the two-stage JFET amplifier. 


The best way to check the g,,, is by replacing Q> with a new transistor of the 
same type and rechecking the output signal. You can make certain that Rs is 
the proper value by removing one end of the resistor from the circuit board 
and measuring the resistance with an ohmmeter. To avoid having to unsolder 
a component, the best way to start isolating the fault is by checking the signal 
voltage at the source of Q>. If the capacitor is working properly, there will be 
only a de voltage at the source. The presence of a signal voltage at the source 
indicates that Cy is open. With Rg unbypassed, the gain expression is 


8mRa/(A + g,R,) rather than simply g,,Rz, thus resulting in less gain. 


These file circuits are in the Troubleshooting Exercises folder on the companion website. 
Open each file and determine if the circuit is working properly. If it is not working prop- 


: Multisim Troubleshooting Exercises 
jp 


erly, determine the fault. 
1. Multisim file TSEO9-01 
2. Multisim file TSE09-02 


APPLICATION AcTIvITY ® 485 


3. Multisim file TSEO9-03 
4. Multisim file TSEO9-04 
5. Multisim file TSEO9-05 


is the prerequisite to effective troubleshooting? 
ime that C, in the amplifier of Figure 9-46 opened. What symptoms would indi- 


In this application, a broadband JFET amplifier is used to provide a high input impedance 
and voltage gain for a whip antenna. When an antenna is connected to the input of a 
receiver or a coaxial cable, signal deterioration may be unacceptable due to a distant sta- 
tion, noisy conditions, or an impedance mismatch. An active antenna can alleviate this 
problem by providing a stronger signal. The block diagram in Figure 9—48 shows an 
active antenna, followed by a low impedance output buffer to drive a coaxial cable or a 
receiver input. The focus in this application is the active antenna. The low output imped- 
ance buffer can be a BJT emitter-follower or an impedance-matching transformer. 


» FIGURE 9-48 


An active antenna driving a receiver Whip antenna 
or a coax through a buffer. 
zy 


Gascode Low output To receiver or 
amplifier impedance coaxial cable 
buffer 


Active antenna 


The Amplifier Circuit 


Figure 9—49 is a broadband amplifier using two JFETs in a cascode arrangement com- 
monly used in RF (radio frequency) applications. The advantage of using a JFET is that 
its high input impedance does not load the antenna and cause a reduction in signal volt- 
age, resulting in poor signal reception. It also is a low noise device and can be located 
close to the antenna before additional noise is picked up by the system. Generally, an 
antenna produces signal voltages in the microvolt range, and any signal loss because of 
loading or noise can significantly degrade the signal. The active antenna also provides a 
large voltage gain that results in a stronger signal to the receiver with improved signal-to- 
noise ratio. The active antenna is powered by a separate 9 V battery, which also provides 
isolation from noise pickup in the signal lines and is located in an enclosed metal box to 
provide additional isolation. 
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FIGURE 9-49 


Vpp 
Cascode amplifier for active antenna. 49 V 


c Output 
L 10 nF 
Cc, 
Antenna 5 | 
input 
10 nF 


This active antenna has a voltage gain of approximately 2000 at 88 MHz and a gain of 
approximately 10,000 at 1 GHz which makes it applicable for the FM broadcast band, 
some TV channel bands, some amateur radio (HAM) bands, cell phone bands, and many 
others. Also below the FM band, the gain may be adequate for other radio and TV bands 
as well, depending on receiver requirements. The coil can be changed to optimize gain 
within a specified band or to adjust the band downward. 


1. Research the Internet to determine the frequency band for TV channels 7-13. 
2. Research the Internet to find the frequency bands allocated for cellular telephones. 
3. What is the purpose of C in Figure 9-49? 


The transistors used in the active antenna are 2N5484 n-channel JFETs. The partial 
datasheet is shown in Figure 9-50. 
4. Using the datasheet, determine Ryngatey of the JFET (Q>). 
5. What input resistance is presented to the antenna in Figure 9-49? 
6. From the datasheet, what is the minimum forward transconductance? 


Simulation 


The active antenna circuit is simulated in Multisim with the antenna input represented by 
a 10 nV peak source. The output signal is shown for 88 MHz and | GHz inputs in Figure 
9-51 on page 489. 


7. What is the significance of the 88 MHz frequency? 
8. Determine the rms output voltage in Figure 9—51(b) and (c), and calculate the gain 
for both frequencies. 


Simulate the active antenna circuit using your Multisim software. Measure the output 
voltage at 10 MHz, 100 MHz, and 500 MHz. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested, it is ready to be finalized. Because you are work- 
ing at high frequencies where stray capacitances can cause unwanted resonant conditions, 
the circuit layout is very critical. 


APPLICATION ACTIVITY ® 487 


ee 
FAIRCHILD 
Ae Nee Se owas si 


SEMICONDUCTOR m 


2N5484 MMBF5484 
2N5485 MMBF5485 
2N5486 MMBF5486 


SOT-23 D 
Mark: 6B / 6M / 6H 


NOTE: Source & Drain 
are interchangeable 


N-Channel RF Amplifier 


This device is designed primarily for electronic switching 
applications such as low On Resistance analog switching. 
Sourced from Process 50. 


Absolute Maximum Ratings* TA = 25°C unless otherwise noted 


Drain-Gate Voltage 


Gate-Source Voltage 


Forward Gate Current 
Ty ,Tstg Operating and Storage Junction Temperature Range -55 to +150 


*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


NOTES: 
1) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations. 


Thermal Characteristics TA = 25°C unless otherwise noted 


Characteristic 


2N5484-5486 *MMBF5484-5486 
Total Device Dissipation 
Derate above 25°C 
Thermal Resistance, Junction to Case 


Thermal Resistance, Junction to Ambient 


* Device mounted on FR-4 PCB 1.6" X 1.6" X 0.06." 


FIGURE 9-50 


Partial datasheet for the 2N5484 RF n-channel JFET. Copyright Fairchild semiconductor corporation. 
Used by permission. (continued on next page) 
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N-Channel RF Amplifier 


(continued) 


Electrical Characteristics — ta=25°C unless otherwise noted 


OFF CHARACTERISTICS 
Gate-Source Breakdown Voltage Ig =- 1.0 PA, Vos = 0 


lass Gate Reverse Current Ves =- 20V, Vos =0 

Vas= - 20 V, Vos= 0, Ta= 100°C 
Vascott) Gate-Source Cutoff Voltage Vos = 15 V, lb=10nA 5484 
5485 
5486 


ON CHARACTERISTICS 
Zero-Gate Voltage Drain Current* | Vps = 15 V, Vas = 0 


SMALL SIGNAL CHARACTERISTICS 


Forward Transfer Conductance Vos = 15V, Ves =0, f= 1.0 kHz 
5484 
5485 
5486 
Input Conductance Vos = 15V, Vas =0, f = 100 MHz 
5484 
Vos = 15V, Vas =0, f = 400 MHz 
5485 / 5486 
Output Conductance Vos = 15V, Ves =0, f = 1.0 kHz 
5484 
5485 
5486 
Output Conductance Vos = 15V, Ves =0, f = 100 MHz 
5484 
Vos = 15V, Vas =0, f = 400 MHz 
5485 / 5486 
Forward Transconductance Vos = 15V, Ves =0, f = 100 MHz 
5484 
Vos = 15V, Vas =0, f = 400 MHz 
5485 
5486 


Input Capacitance Vos = 15V, Ves =0, f= 1.0 MHz 
Reverse Transfer Capacitance Vos = 15V, Vas =0, f= 1.0 MHz 
Output Capacitance Vos = 15V,Ves =0, f= 1.0 MHz 


Noise Figure Vps= 15 V, Re= 1.0 kQ, 
f = 100 MHz 5484 
Vos= 15 V, Re= 1.0 kQ, 
f = 400 MHz 5484 
Vos= 15 V , Re= 1.0 kQ, 
f = 100 MHz 5485 / 5486 
Vps= 15 V, Re= 1.0 kQ, 
f = 400 MHz 5485 / 5486 


*Pulse Test: Pulse Width < 300 ms, Duty Cycle <2% 


FIGURE 9-50 


(continued) 
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&% Oscilloscope-XSC1 


<= 
> 


>10Mn: | 


Time Channel_A Channel_B 
ry pag 0.000 s 0.000 V 9.701 uv Reverse | 
|| so000ns 12.181 mv 8.880 uv 
Save Ext Trig. 
211 60.000ns 12.181 mV “18.590 uv missiema| ps 


Timebase Channel A Channel 0 Trigger 
Scale | SnsiDiv Seale | 10 mMiDiv Scale | 10 uWDiv Edge F xl A BEd 


X position [0 ¥ pusition| 0 ¥ postion |o Level [0 Jv 


YAT Add| pial wel] acl o | foc © acl o foc -| © | Type feiris Nor. | Auto|Nonel 
(b) Input and output signals at 88 MHz 


* Oscilloscope-XSC1 


(a) Cascode amplifier circuit 


1 #41) aco: ooo = agar Reverse | 

T2 47)) 20001 259.339 pv 4.103 uv =—T Ext Trig 
72-T1 2.000 ns 259.339 p¥ 0.000 Vv a c 
Timebase Channel A. Channel B Trigger 

Saale [200 pailine Soate [AN mani 4 Seale | 1N iwsMine Edoe JF UIA B\E 
X position jo ¥ position] 0 ¥ position Jo Level Jo | v 
[ver Addl Bal Bl) Ac) o | [DC © | acl o foc -| © | Type Bing. Nor-| Auto|None| 


(c) Input and output signals at 1 GHz 


A FIGURE 9-51 


Simulation results for the active antenna circuit. Input is green and output is red. 


Lab Experiment 


To build and test a similar circuit, go to Experiment 9 in your lab manual (Laboratory 
Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Circuit Board 


Certain considerations should be observed when laying out a printed circuit board for RF 
circuits. EMI (electromagnetic interference), line inductance, and stray capacitance all 
become important at high frequencies. A few basic features that should be incorporated 
on an RF circuit board are 

¢ Keep traces as short and wide as possible. 

¢ Do not run parallel signal lines that are in close proximity. 

¢ Capacitively decouple supply voltages. 

¢ Provide a large ground plane for shielding and to minimize noise. 
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» FIGURE 9-52 


Active antenna circuit board. 


(a) Component side. Terminated pads are feedthroughs to backside ground plane. 


(b) Backside of board showing ground plane with feedthroughs indicated. 


The circuit board for the active antenna is shown in Figure 9-52. A large ground plane 
is on the back side. Components are connected to the ground plane with feedthrough con- 
nections as indicated. 


9. Check the printed circuit board for correctness by comparing with the schematic 
in Figure 9-49, 
10. State the purpose of the large blue capacitor that is not shown on the schematic. 
11. Label each input and output pin according to function. 


The Complete Active Antenna Unit 


Typically, the active antenna circuit should be enclosed in a metal box for proper shielding, 
similar to that shown in Figure 9-53. The particular configuration shown includes an 
impedance-matching transformer connected to a type of connector (BNC) used with coaxial 
cables for illustration. Other interface configurations, such as an emitter-follower output 
may be used for interfacing. The particular antenna shown is a telescoping whip antenna. 


FIGURE 9-53 


A configuration of the active antenna 
in a metal housing (cover removed) 
with a 9 V battery and an impedance- 
matching transformer. 
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E-MOSFET  Voltage-divider bias 


+Vpp 
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Rp 
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Cy 
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Ay = Bala 
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® Rin = Ril Rol (72) 
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-SUMMARY 


Section 9-1 


Section 9-2 
Section 9-3 


Section 9-4 


Section 9-5 


Section 9-6 


_KEY TERMS 


KEY FORMULAS 


-¢-¢¢O—Hh—UHhUhUc O} © 6 OH OH 5 


¢ 


¢-¢ ¢ ¢ 


The transconductance, g,,, of a FET relates the output current, Jy, to the input voltage, V4... 


The voltage gain of a common-source amplifier is determined largely by the transconductance, 
8m, and the drain resistance, Rg. 


The internal drain-to-source resistance, r/),, of a FET influences (reduces) the gain if it is not 
sufficiently greater than R, so that it can be neglected. 


An unbypassed resistance between source and ground (Rg) reduces the voltage gain of a FET 
amplifier. 


A load resistance connected to the drain of a common-source amplifier reduces the voltage gain. 
There is a 180° phase inversion between gate and drain voltages. 

The input resistance at the gate of a FET is extremely high. 

The voltage gain of a common-drain amplifier (source-follower) is always slightly less than 1. 
There is no phase inversion between gate and source in a source-follower. 

The input resistance of a common-gate amplifier is the reciprocal of g,,,. 

The cascode amplifier combines a CS amplifier and a CG amplifier. 

The class D amplifier is a nonlinear amplifier because the transistors operate as switches. 

The class D amplifier uses pulse-width modulation (PWM) to represent the input signal. 

A low-pass filter converts the PWM signal back to the original input signal. 

The efficiency of a class D amplifier approaches 100%. 

An analog switch passes or blocks an analog signal when turned on or off by a digital control input. 


A sampling circuit is an analog switch that is turned on for short time intervals to allow a suffi- 
cient number of discrete input signal values to appear on the output so that the input signal can 
be accurately represented by those discrete values. 


An analog multiplexer consists of two or more analog switches that connect sampled portions of 
their analog input signals to a single output in a time sequence. 


Switched-capacitors are used to emulate resistance in programmable IC analog arrays. 
Complementary MOS (CMOS) is used in low-power digital switching circuits. 
CMOS uses an n-channel MOSFET and a p-channel MOSFET connected in series. 
The inverter, NAND gate, and NOR gate are examples of digital logic circuits. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Analog switch A device that switches an analog signal on and off. 


Class DA nonlinear amplifier in which the transistors are operated as switches. 
CMOS Complementary MOS. 


Common-drain A FET amplifier configuration in which the drain is the grounded terminal. 


Common-gate A FET amplifier configuration in which the gate is the grounded terminal. 


Common-source A FET amplifier configuration in which the source is the grounded terminal. 


Pulse-width modulation A process in which a signal is converted to a series of pulses with widths 
that vary proportionally to the signal amplitude. 


Source-follower The common-drain amplifier. 


Common-Source Amplifier 


9-1 Ay = gmRa Voltage gain with source grounded or R, bypassed 


9-2 Ip = Ioss(1 = 


IpRs 
Vescoff) 


2 
) Self-biased JFET current 


_TRUE/FALSE QUIZ 


= Ry || Ral Rincgate) 


Common-Drain Amplifier 


R 
9-6 A, — 8m Ss 
1 + gms 
9-7 Rin = Rg || Ri(gate) 


Common-Gate Amplifier 
9-8 Ay = 8mRa 


1 
9-9 Rin(source) =. 
& 


m 
MOSFET Analog Switching 
1 


9-1 R=— 
0 x 


CircultT-ACTION QuIZ 


Voltage gain 
Input resistance, self-bias and zero-bias 


Input resistance, voltage-divider bias 


Voltage gain 


Input resistance 


Voltage gain 


Input resistance 


Emulated resistance 


Answers can be found at www.pearsonhighered.com/floyd. 


erntan Fw NY 


== = = 
nan & BW NY = & 


. Acommon-source (CS) amplifier has a very high input resistance. 
. The drain current in a CS amplifier can be calculated using a quadratic formula. 
. The voltage gain of a CS amplifier is the transconductance times the source resistance. 


. There is no phase inversion in a CS amplifier. 


A common-drain (CD) amplifier is called a drain-follower. 

. The input resistance of a CD amplifier is very low. 

. The input resistance of a common-gate (CG) amplifier is very low. 

. A cascode amplifier uses both a CS and a CG amplifier. 

. The class D amplifier always operates in the linear region. 

. The class D amplifier uses pulse-width modulation. 

. An analog switch is controlled by a digital input. 

. The purpose of a switched-capacitor circuit is to emulate resistance. 

. CMOS is a device used in linear amplifiers. 

. CMOS utilizes a pnp MOSFET and an npn MOSFET connected together. 


_CIRCUIT-ACTI ON QUIZ Answers can be found at www.pearsonhighered.com/floyd. 
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. ACS amplifier using a D-MOSFET can operate with both positive and negative input voltages. 


1. If the drain current is increased in Figure 9-9, Ves will 


(a) increase (b) decrease 


(c) not change 


2. If the JFET in Figure 9—9 is substituted with one having a lower value of Jpss, the voltage gain 


will 


(a) increase (b) decrease 


(c) not change 


3. If the JFET in Figure 9—9 is substituted with one having a lower value of V@s(ofr), the voltage 


gain will 


(a) increase (b) decrease 


(c) not change 


4. If the value of Rg in Figure 9-9 is increased, Vgg will 


(a) increase (b) decrease 


(c) not change 
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. If the value of Rg in Figure 9-11 is increased, the input resistance seen by the signal 


source will 


(a) increase (b) decrease (c) not change 


. If the value of R, in Figure 9-17 is increased, Veg will 


(a) increase (b) decrease (c) not change 


. If the value of R, in Figure 9-17 is decreased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the value of Rg in Figure 9-20 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If Cy in Figure 9-46 opens, the output signal voltage will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


In a common-source amplifier, the output voltage is 
(a) 180° out of phase with the input (b) in phase with the input 
(c) taken at the source (d) taken at the drain 


(e) answers (a) and (c) (f) answers (a) and (d) 


. In a certain common-source (CS) amplifier, Vz, = 3.2 V rms and V,, = 280 mV rms. The 


voltage gain is 
(a) 1 (b) 11.4 (c) 8.75 (d) 3.2 


. Inacertain CS amplifier, Rp = 1.0k0, Rs = 5600, Vpp = 10 V, and g,, = 4500 uS. If the 


source resistor is completely bypassed, the voltage gain is 
(a) 450 (b) 45 (ce) 4.5 (d) 2.52 


. Ideally, the equivalent circuit of a FET contains 


(a) acurrent source in series with a resistance 
(b) a resistance between drain and source terminals 
(c) a current source between gate and source terminals 


(d) acurrent source between drain and source terminals 


. The value of the current source in Question 4 is dependent on the 


(a) transconductance and gate-to-source voltage 
(b) dc supply voltage 

(c) external drain resistance 

(d) answers (b) and (c) 


. A certain common-source amplifier has a voltage gain of 10. If the source bypass capacitor is 


removed, 

(a) the voltage gain will increase 

(b) the transconductance will increase 
(c) the voltage gain will decrease 

(d) the Q-point will shift 


. ACS amplifier has a load resistance of 10kQ and Rp = 820 ©. If g,, = 5 mS and 


Vin = 500 mV, the output signal voltage is 
(a) 1.89 V (b) 2.05 V (c) 25 V (d) 0.5 V 


. If the load resistance in Question 7 is removed, the output voltage will 


(a) stay the same (b) decrease (c) increase (d) be zero 


. A certain common-drain (CD) amplifier with Rg = 1.0k. has a transconductance of 6000 uS. 


The voltage gain is 
(a) 1 (b) 0.86 (c) 0.98 (d) 6 
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PROBLEMS ® 497 


The datasheet for the transistor used in a CD amplifier specifies Iggg = 5 nA at Vgg = 
10 V. If the resistor from gate to ground, Rg, is 50 MQ, the total input resistance is 
approximately 


(a) 50MQ, (b) 200 MQ, (c) 40MO, (d) 20.5MQ 


The common-gate (CG) amplifier differs from both the CS and CD configurations in that it 
has a 


(a) much higher voltage gain (b) much lower voltage gain 
(c) much higher input resistance (d) much lower input resistance 
If you are looking for both good voltage gain and high input resistance, you must use a 


(a) CS amplifier (b) CD amplifier (c) CG amplifier 

A cascode amplifier consists of 

(a) aCD and aCS amplifier (b) a CS and a CG amplifier 

(c) aCG and a CD amplifier (d) two CG amplifiers 

The class D amplifier is similar to 

(a) class C (b) class B (c) class A (d) none of these 

The class D amplifier uses 

(a) frequency modulation (b) amplitude modulation 

(c) pulse-width modulation (d) duty cycle modulation 

E-MOSFETSs are generally used for switching applications because of their 
(a) threshold characteristic (b) high input resistance 

(c) linearity (d) high gain 

A sampling circuit must sample a signal at a minimum of 

(a) one time per cycle (b) the signal frequency 

(c) twice the signal frequency (d) alternate cycles 

The value of resistance emulated by a switched-capacitor circuit is a function of 
(a) voltage and capacitance (b) frequency and capacitance 

(c) gain and transconductance (d) frequency and transconductance 

A basic CMOS circuit uses a combination of 

(a) n-channel MOSFETs (b) p-channel MOSFETs 

(c) pnp and npn BJTs (d) an n-channel and a p-channel MOSFET 


CMOS is commonly used in 
(a) digital circuits (b) linear circuits (c) RF circuits (d) power circuits 
If there is an internal open between the drain and source in a CS amplifier, the drain voltage is 


equal to 
(a) OV (b) Vpn ~~ (©) “Vas (d) Vep 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
The Common-Source Amplifier 


1. 


4. 


A FET has a g,,, = 6000 S. Determine the rms drain current for each of the following rms 
values of Vo. 


(a) 10 mV (b) 150 mV (c) 0.6 V (d) 1V 


. The gain of a certain JFET amplifier with a source resistance of zero is 20. Determine the drain 


resistance if the g,, is 3500 pS. 


. A certain FET amplifier has a g,, of 4.2 mS, rj, = 12kO, and Rp = 4.7kO. What is the volt- 


age gain? Assume the source resistance is 0 21. 


What is the gain for the amplifier in Problem 3 if the source resistance is 1.0 kQ.? 
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> FIGURE 9-54 


> FIGURE 9-55 


5. Identify the type of FET and its bias arrangement in Figure 9—54. Ideally, what is Vgs? 
6. Calculate the dc voltages from each terminal to ground for the FETs in Figure 9-54. 


+15V -10V +12V 
eo) (e) (eo) 
—_- 
R R R 
8 mA D 3mA D D 
10kO | 15kO R sma] 1.0kO 
10kQ 
Rg Rg Rs Ry 
10 MQ 10 MQ 3300 47kO 


(a) (b) (c) 


<= > t— <= 


-Ves +Vos —Ves 0 —Ves 0 
(a) (b) (c) 


8. Refer to the JFET transfer characteristic curve in Figure 9—16(a) and determine the peak-to- 
peak value of J; when V,, is varied +1.5 V about its Q-point value. 


9. Repeat Problem 8 for the curves in Figure 9—16(b) and Figure 9—16(c). 
10. Given that Jp = 2.83 mA in Figure 9-56, find Vps and Ves. Vasiorr) = —7 V and [pss = 8 mA. 


11. Ifa50 mV rms input signal is applied to the amplifier in Figure 9-56, what is the peak-to-peak 
output voltage? g,, = 5000 pS. 


12. If a 1500 © load is ac coupled to the output in Figure 9-56, what is the resulting output voltage 
(rms) when a 50 mV rms input is applied? g,, = 5000 pS. 


> FIGURE 9-56 


Multisim file circuits are identified 
with a logo and are in the Problems 
folder on the companion website. 
Filenames correspond to figure 
numbers (e.g., F09-56). 


> FIGURE 9-57 


» FIGURE 9-58 


PROBLEMS ® 499 


13. Determine the voltage gain of each common-source amplifier in Figure 9-57. 


Vpp Vpp 
+9'V +5 V 
© fo) 
Rp Rp 
12kO 2.2kO 
C. C 
| Vout | Mo 
Cc, 0.1 uF R, Cy 1 uF 
Vin o g,, =3.8 mS 22k Vin o 
0.1 uF — 0.1 uF 8m = 5.5 mS 
re . Rg R, 
a 4.7 MO 10kO, 
10 MQ. = Rg C> 
560 0 a 0.1 uF = 


(a) (b) 


14. Draw the de and ac equivalent circuits for the amplifier in Figure 9-58. 


Vpp 
+15 V 
° 


Rp 
820.0 


0.1 uF 3.3kO 
Rg Rs G = 
10 MQ. 2200, ail 1 uF 
15. Determine the drain current in Figure 9-58 given that Ipgg = 15 mA and Vege) = —4 V. 


The Q-point is centered. 
16. What is the gain of the amplifier in Figure 9-58 if C, is removed? 
17. A 4.7kQ, resistor is connected in parallel with R; in Figure 9-58. What is the voltage gain? 
18. For the common-source amplifier in Figure 9-59, determine Jp, Vgs, and Vpg for a centered 


Q-point. Ipss = 9 mA, and VeEgiorr) = —3 V. 


» FIGURE 9-59 


Vin ° | | a 
8m = 3700 US 
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19. Ifa 10 mV rms signal is applied to the input of the amplifier in Figure 9-59, what is the rms 
value of the output signal? 


20. Determine Vgg, Jp, and Vpg for the amplifier in Figure 9-60. Ipon) = 18 mA at Ves = 10 V, 
Vasith) =2.5 V, and 8m — 3000 BS. 


Vpp 
+20 V 
° 
————9 
Rp 
10k9 © y 
R, out 
18 kQ | 
C 10 uF 
Ve ° ‘I dl R, 
10 uF Ry 10kO 
6.8 kO 


A FIGURE 9-60 


21. Determine R;,,, seen by the signal source in Figure 9-61. Iggg = 25 nA at Veg = —15V. 


+9 V 
(e) 
Rp 
33K © 
C Vout 
: 0.1 uF 
o—|| R, 
0.1 uF 18 kO 
Van # Rg 
10 MQ 


A FIGURE 9-61 


22. Determine the total drain voltage waveform (dc and ac) and the V,,,,, waveform in Figure 9-62. 
8m = 4.8 mS and Ipsg = 15 mA. Observe that Ves = 0. 


+24V 
° 
Rp 
1.0kQ © 
Cj Vous 
10 uF 
Ry, 
Vin O1WF bp 10 MO 
10 mV rms 10 MQ 


A FIGURE 9-62 
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23. For the unloaded amplifier in Figure 9-63, find Vgg, Ip, Vps, and the rms output voltage V/,,. 
Ipvon) = 8 MA at Ves = 12 V, Vesctny = 4 V, and g,, = 4500 S. 


» FIGURE 9-63 


We 
100 mV rms 


Section 9-2. The Common-Drain Amplifier 


24. For the source-follower in Figure 9-64, determine the voltage gain and input resistance. 
Igss = 50 pA at Veg = —15 Vand g,, = 5500 wS. 


» FIGURE 9-64 


25. If the JFET in Figure 9-64 is replaced with one having a g,, of 3000 wS, what are the gain and 
the input resistance with all other conditions the same? 


26. Find the gain of each amplifier in Figure 9-65. 


27. Determine the voltage gain of each amplifier in Figure 9-65 when the capacitively coupled 
load is changed to 10k. 


+12 V -9V 
(e) (e) 
C; Cc 
Vino | | ©) 8m = 3000 1S Vin® | | () 8m = 4300 LS 
0.1 LF C; | Vout 0.1 UF “3 Voi 
10 uF 10 uF 
Rg Rs L Rg Rs R, 
4.7MQ 4.7kQO 47kQ 10MQ 1000 1.0kOQ 
(a) (b) 


A FIGURE 9-65 
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» FIGURE 9-66 


Section 9-3 


Section 9-4 


Section 9-5 


Section 9-6 


The Common-Gate Amplifier 

28. A common-gate amplifier has a g,, = 4000 wS and Ry = 1.5kQ. What is its gain? 

29. What is the input resistance of the amplifier in Problem 28? 

30. Determine the voltage gain and input resistance of the common-gate amplifier in Figure 9-66. 


31. For a cascode amplifier like shown in Figure 9-24, g,, = 2800 uS, Iggy = 2nAatVgs = 15 V. 


If R3 = 15 MQ andL = 1.5 mH, determine the voltage gain and the input impedance 
at f = 100 MHz. 


+8 V 
Rp 
10kQ 
i 8m = 3500 US G, 
Vn ° It ( OV out 
10 uF 10 uF 
Rs 
2.2kO 


The Class D Amplifier 


32. A class D amplifier has an output of +9 V. If the input signal is 5 mV, what is the voltage gain? 


33. A certain class D amplifier dissipates an internal power of 140 mW in the comparator and 
the triangular wave generator. Each complementary MOSFET has 0.25 V drop in the on 
state. The amplifier operates from +12 Vdc sources and provides 0.35 A to a load. 
Determine the efficiency. 


MOSFET Analog Switching 


34, An analog switch uses an n-channel MOSFET with Vgsctny = 4 V. A voltage of +8 V is 
applied to the gate. Determine the maximum peak-to-peak input signal that can be applied if 
the drain-to-source voltage drop is neglected. 


35. An analog switch is used to sample a signal with a maximum frequency of 15 kHz. Determine 
the minimum frequency of the pulses applied to the MOSFET gate. 


36. A switched-capacitor circuit uses a 10 pF capacitor. Determine the frequency required to emu- 
late a 10 k© resistor. 


37. For a frequency of 25 kHz, what is the emulated resistance in a switched-capacitor circuit if 
C = 0.001 wF? 


MOSFET Digital Switching 


38. What is the output voltage of a CMOS inverter that operates with Vpp = +5 V, when the input 
is 0 V? When the input is +5 V? 


39. For each of the following input combinations, determine the output of a CMOS NAND gate 
that operates with Vpp = +3.3 V. 


(a) Va =OV, Vp =O0V 
(b) Va = +3.3 V, Vg = OV 
(c) Va = OV, Vg = +3.3.V 
(d) Va = +3.3 V, Vg = +3.3V 
40. Repeat Problem 39 for a CMOS NOR gate. 
41. List two advantages of the MOSFET over the BJT in power switching. 
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Section 9-7 Troubleshooting 


42. What symptom(s) would indicate each of the following failures when a signal voltage is 
applied to the input in Figure 9-67? 


(a) Q, open from drain to source 
(b) R3 open 
(c) C, shorted 
(d) C3 open 
(e) Q> open from drain to source 
43. If V;, = 10 mV rms in Figure 9-67, what is V,,,,, for each of the following faults? 
(a) C; open 
(b) C4 open 
(c) ashort from the source of Q> to ground 


(d) Q> has an open gate 


» FIGURE 9-67 O+12V 


Q 
8m = 5000 US 


DATASHEET PROBLEMS 

44. What type of FET is the 2N3796? 

45. Referring to the datasheet in Figure 9-68, determine the following: 
(a) typical Vesvorr) for the 2N3796 


(b) maximum drain-to-source voltage for the 2N3797 


(c) maximum power dissipation for the 2N3797 at an ambient temperature of 25°C 
(d) maximum gate-to-source voltage for the 2N3797 


46. Referring to Figure 9-68, determine the maximum power dissipation for a 2N3796 at an ambi- 
ent temperature of 55°C. 


47. Referring to Figure 9-68, determine the minimum g,,¢ for the 2N3796 at a frequency of 1 kHz. 
48. What is the drain current when Vgg = +3.5 V for the 2N3797? 
49. Typically, what is the drain current for a zero-biased 2N3796? 


50. What is the maximum possible voltage gain for a 2N3796 common-source amplifier with 
Ra = 2.2kQ? 


ADVANCED PROBLEMS 


51. The MOSFET in a certain single-stage common-source amplifier has a range of forward 
transconductance values from 2.5 mS to 7.5 mS. If the amplifier is capacitively coupled to a 
variable load that ranges from 4 kQ to 10 kO, and the de drain resistance is 1.0 kQ, determine 
the minimum and maximum voltage gains. 


52. Design an amplifier using a 2N3797 that operates from a 24 V supply voltage. The typical dc 
drain-to-source voltage should be approximately 12 V and the typical voltage gain should be 
approximately 9. 


53. Modify the amplifier you designed in Problem 52 so that the voltage gain can be set at 9 for 
any randomly selected 2N3797. 
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2N3796 
2N3797 
Case 22-03, Style 2 
TO-18 (TO-206AA) 
3 Drai 
Maximim Ratings Drain 
Rating Symbol Value Unit 
Drain-Source voltage Vos Vdc Gate 
2N3796 25 2 
2N3797 20 4 
Gate-Source voltage Vos +10 Vde “2 1 Source 
Drain current Ip 20 mA de 
Total device dissipation @ T, = 25°C Py 200 mW MOSFETs 
até 4 95° ° . 
Derate above 25°C 114 mw/'C Low Power Audio 
Junction temperature T; +175 ‘Cc N-channel — Depletion 
Storage channel temperature range de — 65 to + 200 ‘C 
Electrical Characteristics (Ty = 25°C unless otherwise noted.) 
Characteristic Symbol Min Typ Max Unit 
OFF Characteristics 
Drain-Source breakdown voltage Vigrypsx Vdc 
(Vgg =- 4.0 V, Ip = 5.0 WA) 2N3796 25 30 - 
(Vgg =— 7-0 V Ip = 5.0 HA) 2N3797 20 25 - 
Gate reverse current Toss pA de 
(Vgg =-10 V, Vos = 0) = = 1.0 
(Vgg =-10 V. Vpg = 0, Ty = 150°C) = - 200 
Gate-Source cutoff voltage Vescort V de 
(Ip = 0.5 LA, Vpg = 10 V) Br i 2 -30 | —40 
(Ip = 2.0 WA, Vpg = 10 V) - -5.0 -7.0 
Drain-Gate reverse current I, = - 1.0 A de 
(Vpg = 10 V, Ig = 0) nee . 
ON Characteristics 
Zero-gate-voltage drain current Toss mA de 
(Vps = 10 V, Veg = 0) 2N3796 0.5 1.5 3.0 
2N3797 2.0 2.9 6.0 
On-State drain current L mA de 
2N3796 D(on) 
(Vps = 10 Vi Veg = +3.5 V) 7.0 8.3 14 
ZN 91 9.0 14 18 
Small-Signal Characteristics 
Forward transfer admittance l¥;, umhos 
(Vps = 10 V, Ves = 0, f= 1.0 kHz) 2N3796 : 900 1200 1800 or 
2N3797 1500 2300 3000 US 
(Vps = 10 V, Ves = 0, f= 1.0 MHz) 2N3796 900 - = 
2N3797 1500 - - 
Output admittance l¥,,! 12 25 ymbhos or 
(Vps = 10 V, Veg = 0, f= 1.0 kHz) 2N3796 7 7 60 US 
2N3797 ~ “ 
Input capacitance C.. pF 
7 -0 f= 2N3796 iss - 5.0 7.0 
(ps = 10%, Vos = 0,,f= 1-0 MHz) 2N3797 7 6.0 8.0 
Reverse transfer capacitance Cysy = 0.5 0.8 pF 
(Vps = 10 V. Vgg = 0, f= 1.0 MHz) 


A FIGURE 9-68 
Partial datasheet for the 2N3796 and 2N3797 D-MOSFETs. 


MULTISIM TROUBLESHOOTING PROBLEMS 
These file circuits are in the Troubleshooting Problems folder on the companion website. 
54. Open file TSP09-54 and determine the fault. 
55. Open file TSP09-55 and determine the fault. 
56. Open file TSPO9-56 and determine the fault. 

57. Open file TSPO9-57 and determine the fault. 

58. Open file TSPO9-58 and determine the fault. 

59. Open file TSPO9-59 and determine the fault. 

60. Open file TSPO9-60 and determine the fault. 

61. Open file TSPO9-61 and determine the fault. 

62. Open file TSP09-62 and determine the fault. 
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10-1 Basic Concepts 

10-2 The Decibel 

10-3 Low-Frequency Amplifier Response 
10-4 High-Frequency Amplifier Response 
10-5 Total Amplifier Frequency Response 


In the Application Activity, you will modify the PA system 
preamp from Chapter 6 to increase the low-frequency 
response to reduce the effects of 60 Hz interference. 


10-6 Frequency Response of Multistage Amplifiers Study aids and all Multisim files for this chapter are available 4 
10-7 Frequency Response Measurements at http://www. pearsonhighered.com/electronics PB 
. 
Application Activity a 
In the previous chapters on amplifiers, the effects of the at 
Explain how circuit capacitances affect the frequency we Peaene, ‘ee an eaplirrers paeraion ue to cgag tive 
. elements in the circuit were neglected in order to focus on >» 
response of an amplifier : : 
, ts . other concepts. The coupling and bypass capacitors were _ 
Use the decibel (dB) to express amplifier gain considered to be ideal shorts and the internal transistor = 
Analyze the low-frequency response of an amplifier capacitances were considered to be ideal opens. This treatment 
Analyze the high-frequency response of an amplifier is valid when the frequency is in an amplifier’s midrange. 
- As you know, capacitive reactance decreases with increas- 
Analyze an amplifier for total frequency response g : : 
: i ing frequency and vice versa. When the frequency is low 
Analyze multistage amplifiers for frequency response enough, the coupling and bypass capacitors can no longer : 
Measure the frequency response of an amplifier be considered as shorts because their reactances are large 
enough to have a significant effect. Also, when the frequency 
is high enough, the internal transistor capacitances can no — 
longer be considered as opens because their reactances = 


Decibel @ Decade become small enough to have a significant effect on the ampli- > 
Midrange gain > Bode Plot fier operation. A complete picture of an amplifier’s response = 
itical f dwidth must take into account the full range of frequencies over 
ey a ericy Cabancwicl which the amplifier can operate. = 
= 


Roll-off In this chapter, you will study the frequency effects on 


amplifier gain and phase shift. The coverage applies to both 
BJT and FET amplifiers, and a mix of both are included to 
illustrate the concepts. 
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10-1 Basic CONCEPTS 


In amplifiers, the coupling and bypass capacitors appear to be shorts to ac at the 
midband frequencies. At low frequencies the capacitive reactance of these capacitors 
affect the gain and phase shift of signals, so they must be taken into account. The 
frequency response of an amplifier is the change in gain or phase shift over a speci- 
fied range of input signal frequencies. 


After completing this section, you should be able to 


4 Explain how circuit capacitances affect the frequency response of an amplifier 
¢ Define frequency response 
4 Discuss the effect of coupling capacitors 
¢ Recall the formula for capacitive reactance 
4 Discuss the effect of bypass capacitors 
4 Describe the effect of internal transistor capacitances 
¢ Identify the internal capacitance in BJTs and JFETs 
a Explain Miller’s theorem 
¢ Calculate the Miller input and output capacitances 


Effect of Coupling Capacitors 


Recall from basic circuit theory that X¢ = 1/(27fC). This formula shows that the capaci- 
tive reactance varies inversely with frequency. At lower frequencies the reactance is greater, 
and it decreases as the frequency increases. At lower frequencies—for example, audio fre- 
quencies below 10 Hz—capacitively coupled amplifiers such as those in Figure 10—1 have 
less voltage gain than they have at higher frequencies. The reason is that at lower frequen- 
cies more signal voltage is dropped across C, and C3 because their reactances are higher. 
This higher signal voltage drop at lower frequencies reduces the voltage gain. Also, a phase 
shift is introduced by the coupling capacitors because C, forms a lead circuit with the R;,, of 
the amplifier and C3 forms a lead circuit with R, in series with Rc or Rp. Recall that a lead 
circuit is an RC circuit in which the output voltage across R leads the input voltage in phase. 


+Vpp 


Ls Lie 


(a) BJT (b) JFET 


A FIGURE 10-1 
Examples of capacitively coupled BJT and FET amplifiers. 


Effect of Bypass Capacitors 


At lower frequencies, the reactance of the bypass capacitor, Cz in Figure 10—1, becomes 
significant and the emitter (or FET source terminal) is no longer at ac ground. The capacitive 


reactance Xc2 in parallel with Rg (or Rs) creates an impedance that reduces the gain. This 
is illustrated in Figure 10-2. 

For example, when the frequency is sufficiently high, Xc = OQ. and the voltage gain of 
the CE amplifier is A, = R¢/ri. At lower frequencies, Xc >> 0, and the voltage gain is 
Ay = Ref (r, + Z,). 


Effect of Internal Transistor Capacitances 


At high frequencies, the coupling and bypass capacitors become effective ac shorts and do not 
affect an amplifier’s response. Internal transistor junction capacitances, however, do come into 
play, reducing an amplifier’s gain and introducing phase shift as the signal frequency increases. 
Figure 10-3 shows the internal pn junction capacitances for both a bipolar junction 
transistor and a JFET. In the case of the BJT, C;,, is the base-emitter junction capacitance 
and C,, is the base-collector junction capacitance. In the case of the JFET, C,, is the ca- 
pacitance between gate and source and C,,; is the capacitance between gate and drain. 


=— 
Cptaa— 


(a) BJT 


A FIGURE 10-3 


Internal transistor capacitances. 


Datasheets often refer to the BJT capacitance C;,. as the output capacitance, often des- 
ignated C,,. The capacitance C;,, is often designated as the input capacitance Cj. 
Datasheets for FETs normally specify input capacitance C;,, and reverse transfer capaci- 
tance C,,;. From these, C,, and C,, can be calculated, as you will see in Section 10—4. 

At lower frequencies, the internal capacitances have a very high reactance because of their 
low capacitance value (usually only a few picofarads) and the low frequency value. There- 
fore, they look like opens and have no effect on the transistor’s performance. As the frequency 
goes up, the internal capacitive reactances go down, and at some point they begin to have a sig- 
nificant effect on the transistor’s gain. When the reactance of C;, (or C,,) becomes small 
enough, a significant amount of the signal voltage is lost due to a voltage-divider effect of the 
signal source resistance and the reactance of C;,, as illustrated in Figure 10—4(a). When the 


Vin 


(a) Effect of C,,, where V,, is reduced by the voltage-divider 
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A FIGURE 10-2 


Nonzero reactance of the bypass 
capacitor in parallel with R; creates 
an emitter impedance, (Z,), which 
reduces the voltage gain. 


(b) Effect of C,,, where part of V,,,, (Vj) goes back through 


action of R, and Xo, F Cy, to the base and reduces the input signal because it is 
approximately 180° out of phase with V,,,. 


A FIGURE 10-4 


AC equivalent circuit for a BJT amplifier showing effects of the internal capacitances C,, and Cp, 
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> FIGURE 10-5 


General case of Miller input and out- 
put capacitances. C represents C,, 
or Cyq. 


Equation 10-1 


Vine 


Cy (Ay + 1) Cre ( 7 ) 


(a) 


Equation 10-2 
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reactance of C;,. (or C,q) becomes small enough, a significant amount of output signal voltage 
is fed back out of phase with the input (negative feedback), thus effectively reducing the volt- 
age gain. This is illustrated in Figure 10—4(b). 


Miller’s Theorem 


Miller’s theorem is used to simplify the analysis of inverting amplifiers at high frequencies 
where the internal transistor capacitances are important. The capacitance C), in BJTs (Cgq 
in FETs) between the input (base or gate) and the output (collector or drain) is shown in 
Figure 10—5(a) in a generalized form. A, is the absolute voltage gain of the inverting 
amplifier at midrange frequencies, and C represents either C),. or Cgq. 


Cc 
O O 
| | 
I 
C(A suet —c =) 
Ino © Out 7 Nl Ay 
(a) 


(b) 


Miller’s theorem states that C effectively appears as a capacitance from input to ground, 
as shown in Figure 10—5(b), that can be expressed as follows: 


Cin(Miller) = C(Ay + 1) 


This formula shows that C;, (or Cyq) has a much greater impact on input capacitance than 
its actual value. For example, if Cp, = 6 pF and the amplifier gain is 50, then Cin(yitier) = 
306 pF. Figure 10-6 shows how this effective input capacitance appears in the actual ac 
equivalent circuit in parallel with Cp. (or Cys). 


CydlAy + 1) Cea A ) 
(b) 
A FIGURE 10-6 


Amplifier ac equivalent circuits showing internal capacitances and effective Miller capacitances. 


Miller’s theorem also states that C effectively appears as a capacitance from output to 
ground, as shown in Figure 10—5(b), that can be expressed as follows: 


A, +1 
Cout(Miller) =C A 
v 


This formula indicates that if the voltage gain is 10 or greater, Coy1itler) iS approximately 
equal to C,, or Cyq because (A, + 1)/A, is approximately equal to 1. Figure 10-6 also 
shows how this effective output capacitance appears in the ac equivalent circuit for BJTs 
and FETs. Equations 10—1 and 10-2 are derived in “Derivations of Selected Equations” at 
www.pearsonhighered.com/floyd. 
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which capacitors affect the low-frequency gain? 
quency gain of an amplifier limited? 

sand bypass capacitors be neglected? 

1 if Ay = —50 and C,, = 5 pF. 

iter if Ay = —25 and C,, = 3 pF. 


10—2 THE DECIBEL 


The decibel is a unit of logarithmic gain measurement and is commonly used to 
express amplifier response. 


After completing this section, you should be able to 


Use the decibel (dB) to express amplifier gain 
¢ Express power gain and voltage gain in dB 
2 Disc ne reference 


The use of decibels to express gain was introduced in Chapter 6. The decibel unit is im- 
portant in amplifier measurements. The basis for the decibel unit stems from the logarith- 
mic response of the human ear to the intensity of sound. The decibel is a logarithmic 
measurement of the ratio of one power to another or one voltage to another. Power gain is 
expressed in decibels (dB) by the following formula: 


Ayas) = 10log A, Equation 10-3 


where A, is the actual power gain, P,,;/Pjn. Voltage gain is expressed in decibels by the 
following formula: 


A, ap) = 20 log A, Equation 10-4 


If A, is greater than 1, the dB gain is positive. If A, is less than 1, the dB gain is negative 
and is usually called attenuation. You can use the LOG key on your calculator when work- 
ing with these formulas. 


— 100 (c) A, = 10 


(© “2 = 0201 
MR 


Vin 
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Related Problem* 


(©) Ayap) = 20 log (10) = 20 4B 
(d) Apap) = 10 log (0.5) = —3dB 
(e) Ay(aB) = 20 log (0.707) = —3dB 


Express each of the following gains in dB: (a) A, = 1200, (b) A, = 50, (c) A, = 125,000. 


“Answers can be found at www.pearsonhighered.com/floyd. 


> FIGURE 10-7 


Normalized voltage gain versus fre- 
quency curve. 


O dB Reference 


It is often convenient in amplifiers to assign a certain value of gain as the 0 dB reference. 
This does not mean that the actual voltage gain is 1 (which is 0 dB); it means that the ref- 
erence gain, no matter what its actual value, is used as a reference with which to compare 
other values of gain and is therefore assigned a 0 dB value. 

Many amplifiers exhibit a maximum gain over a certain range of frequencies and a 
reduced gain at frequencies below and above this range. The maximum gain occurs for the 
range of frequencies between the upper and lower critical frequencies and is called the 
midrange gain, which is assigned a 0 dB value. Any value of gain below midrange can 
be referenced to 0 dB and expressed as a negative dB value. For example, if the midrange 
voltage gain of a certain amplifier is 100 and the gain at a certain frequency below midrange 
is 50, then this reduced voltage gain can be expressed as 20 log (50/100) = 20 log (0.5) = 
—6 dB. This indicates that it is 6 dB below the 0 dB reference. Halving the output voltage 
for a steady input voltage is always a 6 dB reduction in the gain. Correspondingly, a dou- 
bling of the output voltage is always a 6 dB increase in the gain. Figure 10—7 illustrates a 
normalized gain-versus-frequency curve showing several dB points. The term normalized 
means that the midrange voltage gain is assigned a value of | or 0 dB. 


0dB Avid) 
gap oOTAumig 
—6 dB [9-54 vimiay ete ain 
jay (Sea 2 
“1g ap pean 
v 
A 


Table 10—1 shows how doubling or halving voltage gains translates into decibel values. 
Notice in the table that every time the voltage gain is doubled, the decibel value increases 
by 6 dB, and every time the gain is halved, the dB value decreases by 6 dB. 


Critical Frequency 


A critical frequency (also known as cutoff frequency or corner frequency) is a frequency 
at which the output power drops to one-half of its midrange value. This corresponds to a 
3 dB reduction in the power gain, as expressed in dB by the following formula: 


THE DEciBEL @ 511 


VOLTAGE GAIN (A,) DECIBEL VALUE* <TABLE 10-1 


Decibel values corresponding to dou- 


2 e0loe 2) = 20d8 bling and halving of the voltage gain. 
16 20 log (16) = 24dB 
8 20 log (8) = 18 dB 
4 20 log (4) = 12 dB 
2 20 log (2) = 6 dB 
1 20 log (1) = 0dB 
0.707 20 log (0.707) = —3 dB 
0.5 20 log (0.5) = —6dB 
0.25 20 log (0.25) = —12 dB 
0.125 20 log (0.125) = —18 dB 
0.0625 20 log (0.0625) = —24 dB 
0.03125 20 log (0.03125) = —30dB 


8. . : 
Decibel values are with respect to zero reference. 


Also, at the critical frequencies the voltage gain is 70.7% of its midrange value and is ex- 
pressed in dB as 


Ay(aB) = 20 log (0.707) = —3dB 


EXAMPLE 10-2 A certain amplifier has a midrange rms output voltage of 10 V. What is the rms output 
voltage for each of the following dB gain reductions with a constant rms input voltage? 


(a) —3 dB (b) —6dB (c) —12 dB (d) —24 dB 


Solution Multiply the midrange output voltage by the voltage gain corresponding to the speci- 
fied decibel value in Table 10-1. 


(a) At —3 dB, V,,, = 0.707(10 V) = 7.07 V 
(b) At —64B, V,,, = 0500V) =5V 
(c) At —12 dB, V,,, = 0.25010 V) = 2.5 V 
(d) At —24 dB, V,,; = 0.0625(10 V) = 0.625 V 
Related Problem Determine the output voltage at the following decibel levels for a midrange value of 50 V: 
(a) 0dB (b) —18dB (c) —30dB 


Power Measurement in dBm 


The dBm is a unit for measuring power levels referenced to 1 mW. Positive dBm values 
represent power levels above | mW, and negative dBm values represent power levels 
below | mW. 

Because the decibel (dB) can be used to represent only power ratios, not actual power, 
the dBm provides a convenient way to express actual power output of an amplifier or other 
device. Each 3 dBm increase corresponds to a doubling of the power, and a 3 dBm de- 
crease corresponds to a halving of the power. 

To state that an amplifier has a 3 dB power gain indicates only that the output power is 
twice the input power and nothing about the actual output power. To indicate actual output 
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ine) Wed POWER dBm 


Power in terms of dBm. 


32 mW 15 dBm 
16 mW 12 dBm 
8 mW 9 dBm 
4 mW 6 dBm 
2 mW 3 dBm 
1 mW 0 dBm 
0.5 mW —3dBm 
0.25 mW —6dBm 
0.125 mW —9dBm 
0.0625 mW —12dBm 
0.03125 mW —15dBm 


power, the dBm can be used. For example, 3 dBm is equivalent to 2 mW because 2 mW is 
twice the | mW reference. 6 dBm is equivalent to 4 mW, and so on. Likewise, —3 dBm is 
the same as 0.5 mW. Table 10-2 shows several values of power in terms of dBm. 


Ww much increase in actual voltage gain corresponds to +12 dB? 
invert a power gain of 25 to decibels. 
power corresponds to 0 dBm? 


10-3 LOW-FREQUENCY AMPLIFIER RESPONSE 


The voltage gain and phase shift of capacitively coupled amplifiers are affected when 
the signal frequency is below a critical value. At low frequencies, the reactance of the 
coupling capacitors becomes significant, resulting in a reduction in voltage gain and 
an increase in phase shift. Frequency responses of both BJT and FET capacitively 
coupled amplifiers are discussed. 


After completing this section, you should be able to 


Analyze the low-frequency response of an amplifier 

Analyze a BJT amplifier 

¢ Calculate the midrange voltage gain ¢ Identify the parts of the amplifier that 
affect low-frequency response 

Identify and analyze the BJT amplifier’s input RC circuit 

¢ Calculate the lower critical frequency and gain roll-off ¢ Sketch a Bode plot 
¢ Define decade and octave ¢ Determine the phase shift 

Identify and analyze the BJT amplifier’s output RC circuit 

¢ Calculate the lower critical frequency ¢ Determine the phase shift 

Identify and analyze the BJT amplifier’s bypass RC circuit 

¢ Calculate the lower critical frequency ¢ Explain the effect of a swamping resistor 
Analyze a FET amplifier 

Identify and analyze the D-MOSFET amplifier’s input RC circuit 

¢ Calculate the lower critical frequency ¢ Determine the phase shift 

Identify and analyze the D-MOSFET amplifier’s output RC circuit 

¢ Calculate the lower critical frequency ¢ Determine the phase shift 
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BJT Amplifiers 


A typical capacitively coupled common-emitter amplifier is shown in Figure 10-8. 
Assuming that the coupling and bypass capacitors are ideal shorts at the midrange signal 
frequency, you can determine the midrange voltage gain using Equation 10-5, where 
R. = Rc || RL. 


c 
Aynid) = ro 
e 


If a swamping resistor (Rp) is used, it appears in series with ri, and the equation becomes 
A = 
v(mid) rl + Rey 


<@ FIGURE 10-8 


A capacitively coupled BJT amplifier. 


The BJT amplifier in Figure 10-8 has three high-pass RC circuits that affect its gain as 
the frequency is reduced below midrange. These are shown in the low-frequency ac equiv- 
alent circuit in Figure 10-9. Unlike the ac equivalent circuit used in previous chapters, 
which represented midrange response (Xc = 0Q), the low-frequency equivalent circuit 
retains the coupling and bypass capacitors because Xc is not small enough to neglect when 
the signal frequency is sufficiently low. 


R 


in(emitter) 
“| 


Equation 10-5 


-<@ FIGURE 10-9 

The low-frequency ac equivalent cir- 
cuit of the amplifier in Figure 10-8 
consists of three high-pass RC circuits. 
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Equation 10-6 


One RC circuit is formed by the input coupling capacitor C, and the input resistance of 
the amplifier. The second RC circuit is formed by the output coupling capacitor C3, the re- 
sistance looking in at the collector (R,,,;), and the load resistance. The third RC circuit that 
affects the low-frequency response is formed by the emitter-bypass capacitor C and the 
resistance looking in at the emitter. 


The Input RC Circuit 


The input RC circuit for the BJT amplifier in Figure 10-8 is formed by C; and the ampli- 
fier’s input resistance and is shown in Figure 10-10. (Input resistance was discussed in 
Chapter 6.) As the signal frequency decreases, X¢; increases. This causes less voltage 
across the input resistance of the amplifier at the base because more voltage is dropped 
across C and because of this, the overall voltage gain of the amplifier is reduced. The base 
voltage for the input RC circuit in Figure 10-10 (neglecting the internal resistance of the 
input signal source) can be stated as 


= Rin 
Voase 5 5 Vin 
V Rin + XC 


> FIGURE 10-10 C 


1 : 
Input RC circuit formed by the input —_y,, o———} eR storiese 


coupling capacitor and the ampli- 
fier’s input resistance. 


Ry = Ry IRR 


in(base) 


As previously mentioned, a critical point in the amplifier’s response occurs when the 
output voltage is 70.7% of its midrange value. This condition occurs in the input RC circuit 
when Xc; = Rin. 


R; R; R; 1 
View = ( = Vin = ( - Vin = ( — VV = ( Vin = 07077, 
V Rin nr Ri, v IR? V2Rin V2 


In terms of measurement in decibels, 


(“ia s Se 
20 log = 20 log (0.707) = —3 dB 
Vin 

Lower Critical Frequency The condition where the gain is down 3 dB is logically called 
the —3 dB point of the amplifier response; the overall gain is 3 dB less than at midrange 
frequencies because of the attenuation (gain less than 1) of the input RC circuit. The fre- 
quency, f.;, at which this condition occurs is called the lower critical frequency (also 
known as the lower cutoff frequency, lower corner frequency, or lower break frequency) 
and can be calculated as follows: 


1 
27 feKinputyC| 
1 
Settinput) = QaRinCy 


Xc1 me Rin 


If the resistance of the input source is taken into account, Equation 10—6 becomes 


1 
27(Ry + Rin)Cy 


Seiinput) 7 
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EXAMPLE 10-3 For the circuit in Figure 10-11, calculate the lower critical frequency due to the input RC 
circuit. Assumed r, = 9.6 and B = 200. Notice that a swamping resistor, Rg, is used. 


» FIGURE 10-11 


C3 
Vout 
R, C, 
0.33 WF 
Wy —| R, 
600% O14 yr 5.6 kO 


Rep 
1.5kO, 


Cy 
“T~ 100 uF 


Solution The input resistance is 
Rin = Ry||Ro||(B@. + Re) = 68 kO. | 22 kO | (2009.60 + 33 0) = 5.63 kO 
The lower critical frequency is 


1 1 
FetGinput QTRinC)  277(5.63 kQ)(0.1 WF) 


= 282 Hz 


Related Problem What value of input capacitor will move the lower cutoff frequency to 130 Hz? 


Open the Multisim file E10-03 in the Examples folder on the companion website 
and read the critical frequency on the Bode plotter. The Bode plotter is not an actual 
instrument available, but allows the user to see the response of a circuit in the 
frequency domain (frequency is the independent variable). Notice that Cy and C3 
are taken out of the calculation by making their value huge (1 F!). While this is 
unrealistic, it works nicely for the computer simulation to isolate the input response. 


Voltage Gain Roll-Off at Low Frequencies As you have seen, the input RC circuit re- 
duces the overall voltage gain of an amplifier by 3 dB when the frequency is reduced to the 
critical value f.. As the frequency continues to decrease below f,, the overall voltage gain also 
continues to decrease. The rate of decrease in voltage gain with frequency is called roll-off. 
For each ten times reduction in frequency below f,, there is a 20 dB reduction in voltage gain. 

Let’s consider a frequency that is one-tenth of the critical frequency (f = 0.1f,). Since 
Xc, = Rin at f., then Xcj = 10Rj, at O.1f. because of the inverse relationship of X¢; and f- 
The attenuation of the input RC circuit is, therefore, 


e Voase Rin Rin Rin 
Attenuation = = = = 
Vin VR2,4+ 52, VR2,+ OR;,)2 WR? + 100R2, 
Rin Rin 1 1 0.1 


~— VR20 + 100) RnVI0l=-VI01~—10 
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HISTORY NOTE 


The GB attenuation is 


V; 
20 log (“x= = 20 log (0.1) = —204B 


in 


The Bode Plot A ten-times change in frequency is called a decade. So, for the input RC 
circuit, the attenuation is reduced by 20 dB for each decade that the frequency decreases 
below the critical frequency. This causes the overall voltage gain to drop 20 dB per decade. 
A plot of dB voltage gain versus frequency on semilog graph paper (logarithmic hori- 
zontal axis scale and a linear vertical axis scale) is called a Bode plot. A generalized Bode 
plot for an input RC circuit appears in Figure 10—12. The ideal response curve is shown in 
blue. Notice that it is flat (0 dB) down to the critical frequency, at which point the gain 
drops at —20 dB/decade as shown. Above f,. are the midrange frequencies. The actual 
response curve is shown in red. Notice that it decreases gradually beginning in midrange 
and is down to —3 dB at the critical frequency. Often, the ideal response is used to simplify 
amplifier analysis. As previously mentioned, the critical frequency at which the curve 
“breaks” into a —20 dB/decade drop is sometimes called the lower break frequency. 


: 0.01f, O.Lf, x 10f, 100f, 
3 
Midrange —]——> 
20 
40 
y 
A, (dB) 


A FIGURE 10-12 


Bode plot. (Blue is ideal; red is actual.) 


Sometimes, the voltage gain roll-off of an amplifier is expressed in dB/octave rather 
than dB/decade. An octave corresponds to a doubling or halving of the frequency. For ex- 
ample, an increase in frequency from 100 Hz to 200 Hz is an octave. Likewise, a decrease 
in frequency from 100 kHz to 50 kHz is also an octave. A rate of —20 dB/decade is 
approximately equivalent to —6 dB/octave, a rate of —40 dB/decade is approximately 
equivalent to — 12 dB/octave, and so on. 


EXAMPLE 10-4 


Solution 


The midrange voltage gain of a certain amplifier is 100. The input RC circuit has a 
lower critical frequency of 1 kHz. Determine the actual voltage gain at f = 1 kHz, 
f = 100 Hz, and f = 10 Hz. 


When f = | kHz, the voltage gain is 3 dB less than at midrange. At —3 dB, the volt- 
age gain is reduced by a factor of 0.707. 
A, = (0.707)(100) = 70.7 


When f = 100 Hz = 0.1f,, the voltage gain is 20 dB less than at f.. The voltage gain 
at —20 dB is one-tenth of that at the midrange frequencies. 


A, = (0.1)(100) = 10 
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When f = 10 Hz = 0.01f,, the voltage gain is 20 dB less than at f = 0.1f. or —40 dB. 
The voltage gain at —40 dB is one-tenth of that at —20 dB or one-hundredth that at the 
midrange frequencies. 


A, = (0.01)(100) = 1 


Related Problem The midrange voltage gain of an amplifier is 300. The lower critical frequency of 
the input RC circuit is 400 Hz. Determine the actual voltage gain at 400 Hz, 40 Hz, 
and 4 Hz. 


Phase Shift in the Input RC Circuit In addition to reducing the voltage gain, the input 
RC circuit also causes an increasing phase shift through an amplifier as the frequency 
decreases. At midrange frequencies, the phase shift through the input RC circuit is approx- 
imately zero because the capacitive reactance, Xc1, is approximately 0Q. At lower 
frequencies, higher values of X¢, cause a phase shift to be introduced, and the output volt- 
age of the RC circuit leads the input voltage. As you learned in ac circuit theory, the phase 
angle in an input RC circuit is expressed as 


> ¢ 
0= tan™1( 1) Equation 10-7 
Rin 


For midrange frequencies, Xc} = 00, so 


00 
6= ian ( ) = tan !(0) = 0° 
Rin 
At the critical frequency, Xc; = Rin, so 


R, 

6= ian) = fan (1) = 45° 
Rin 

At a decade below the critical frequency, Xc; = 10R;,, so 


_{( 10Rin ee eee 
6 = tan = tan !(10) = 84.3 
Rin 


A continuation of this analysis will show that the phase shift through the input RC cir- 
cuit approaches 90° as the frequency approaches zero. A plot of phase angle versus fre- 
quency is shown in Figure 10—13. The result is that the voltage at the base of the transistor 
leads the input signal voltage in phase below midrange, as shown in Figure 10-14. 


>D 


A FIGURE 10-13 


Phase angle versus frequency for the input RC circuit. 
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Equation 10-8 


in 


A FIGURE 10-14 


The input RC circuit causes the base voltage to lead the input voltage below midrange by an amount 
equal to the circuit phase angle, 0. 


The Output RC Circuit 


The second high-pass RC circuit in the BJT amplifier of Figure 10—8 is formed by the cou- 
pling capacitor C3, the resistance looking in at the collector, and the load resistance R;, as 
shown in Figure 10—15(a). In determining the output resistance, looking in at the collector, 
the transistor is treated as an ideal current source (with infinite internal resistance), and the 
upper end of Rc is effectively at ac ground, as shown in Figure 10—15(b). Therefore, thev- 
enizing the circuit to the left of capacitor C3 produces an equivalent voltage source equal to 
the collector voltage and a series resistance equal to Rc, as shown in Figure 10—15(c). The 
lower critical frequency of this output RC circuit is 


1 


Setoutput) = Wace + RDG 


C3 


C3 


= Viet 
C3 
Vay Ro Vout 
R, 
RE T = Bl, Re R, aioe rae Ry 


(a) (b) (c) 
A FIGURE 10-15 


Development of the equivalent low-frequency output RC circuit. 


The effect of the output RC circuit on the amplifier voltage gain is similar to that of the 
input RC circuit. As the signal frequency decreases, X;3 increases. This causes less voltage 
across the load resistance because more voltage is dropped across C3. The signal voltage is 
reduced by a factor of 0.707 when frequency is reduced to the lower critical value, f,;, for 
the circuit. This corresponds to a 3 dB reduction in voltage gain. 
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EXAMPLE 10-5 


» FIGURE 10-16 


Solution 


Related Problem 


For the circuit from Example 10-3 and shown in Figure 10-16, calculate the lower 
critical frequency due to the output RC circuit. 


Vy 
50 mVpp 


R 


E2 Cc 
1.5kO 


2 
100 uF 


The resistance in the output RC circuit is 
Re =F R, = 3.9kO + 5.6kQ = 9.5k0, 
The lower critical frequency is 


1 1 
Fetvoutpur) = Qm(Ro + RC 27 (9.5kO)(0.33 WF) 


= 50.8 Hz 


What effect does a larger load resistor have on the gain and the lower cutoff frequency? 


Open the Multisim file E10-05 in the Examples folder on the companion website 
and read the critical frequency on the Bode plotter. Notice that C, and C) are taken 
out of the calculation by making their value huge as explained in Example 10-3. 


Phase Shift in the Output RC Circuit The phase angle in the output RC circuit is 


XxX 
d= tn“1(5 =) Equation 10-9 


Rc + Rr 


0 = O° for the midrange frequencies and approaches 90° as the frequency approaches 
zero (Xc3 approaches infinity). At the critical frequency f., the phase shift is 45°. 


The Bypass RC Circuit 


The third RC circuit that affects the low-frequency gain of the BJT amplifier in Figure 
10-8 includes the bypass capacitor C). As illustrated in Figure 10—17(a) for midrange fre- 
quencies, it is assumed that X~. = 0, effectively shorting the emitter to ground so that 
the amplifier gain is R,/r’, as you already know. As the frequency is reduced, X¢> increases 
and no longer provides a sufficiently low reactance to effectively place the emitter at ac 
ground, as shown in part (b). Because the impedance from emitter to ground increases, the 
gain decreases. In this case, R, in the formula, A, = R,/(r, + R-,), is replaced by an imped- 
ance formed by Rx in parallel with X¢. 

The bypass RC circuit is formed by C) and the resistance looking in at the emitter, 
Rin(emitter)» AS Shown in Figure 10—18(a). The resistance looking in at the emitter is derived 


> FIGURE 10-17 +Voc 

At low frequencies, Xc, in parallel 

with R- creates an impedance that Re 

reduces the voltage gain. 
Xo= 


(a) For midrange frequencies, 
C) effectively shorts the 
emitter to ground. 


Won 
(a) 
+Voc 
(e} 
SR 
Vin) Sh i 
(c) 
' ee Rin 
=e Emitter <, 
| 
i 
ee 
Vin) Rg ml 
(e) 


A FIGURE 10-18 


t+Voc 
Ro 
Impedance 
Re Xc from emitter 
to ground 


(b) Below f,., Xc) and Ry form an impedance 


between the emitter and ground. 


Vin Ry E Cy 
~ ~ Thevenize from here, looking back 
(b) toward the input source, V;,, 
+Voc 
Rin 
(d) 
Rin 
ILR; 
(i+ Bus? 
Vin(2) Cy 


(f) 


Development of the equivalent bypass RC circuit. 
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as follows. First, Thevenin’s theorem is applied looking from the base of the transistor 
toward the input source V;,, as shown in Figure 10—18(b). This results in an equivalent 
resistance (R,;,) and an equivalent voltage source (V;p,1)) in series with the base, as shown in 
Figure 10—18(c). The resistance looking in at the emitter is determined with the equivalent 
input source shorted, as shown in Figure 10—18(d), and is expressed as follows: 


V, Vp TRin 
R. oy = T+ = 7,4 ie 
in(emitter) oe © Baclh © Back 
Rin 


Rin(emitter) = Te + Equation 10-10 


Bac 


Looking from the capacitor C), r, + Rjp/Bac is in parallel with Rg, as shown in Figure 
10-18(e). Thevenizing again, we get the equivalent RC circuit shown in Figure 10-18(f). 
The lower critical frequency for this equivalent bypass RC circuit is 

1 


| ee ones Equation 10-11 
Fettospass) = 271, + Ru [Bad \RulCs 


If a swamping resistor is used, the equation for Rincemitter) becomes 


_o Rin 
Rinemitter) = Te + Re a 
ac 
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EXAMPLE 10-6 For the circuit from Example 10-3 and shown in Figure 10-19, calculate the lower 
critical frequency due to the bypass RC circuit. Assume r, = 9.6 © and B = 200. 


» FIGURE 10-19 


C3 
Vous 
R, C | 
0.33 uF 
R, 
6009 O14 yF 5.6 kO 
V, 7 
50 mVpp 
Rey Cy 
15kO i 100 uF 
Solution The resistance in the emitter bypass circuit is 
R 68 kQ) || 22 kQ || 600 O 
Rin(eminer) = Te + Ruy + = 9.6 @ + 339 + | | 55 0 
Bac 200 
The lower critical frequency is 
ik : : 36.0 H 
Ub oes - = 90.0 TZ 
MOPED QatRincemiter) |ReaC2 —_ 207(45.5 O 1.5 kO)(100 wF) 
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Related Problem 


Explain why C, is larger than C| or C3. 


Open the Multisim file E10-06 in the Examples folder on the companion website 
and read the critical frequency on the Bode plotter. Notice that C, and C3 are taken 
out of the calculation by making their value huge as before (1 F!). 


FET Amplifiers 


A zero-biased D-MOSFET amplifier with capacitive coupling on the input and output is 
shown in Figure 10—20. As you learned in Chapter 9, the midrange voltage gain of a zero- 


biased amplifier is 


Avid) = 8m Ra 


This is the gain at frequencies high enough so that the capacitive reactances are approxi- 


mately zero. 


» FIGURE 10-20 


Zero-biased D-MOSFET amplifier. 


a: Vpp 


Rp Cy V 


out 


R 
Ro b 


The amplifier in Figure 10—20 has only two high-pass RC circuits that influence its low- 
frequency response. One RC circuit is formed by the input coupling capacitor C; and the 
input resistance. The other circuit is formed by the output coupling capacitor Cz and the 
output resistance looking in at the drain. 


The Input RC Circuit 


The input RC circuit for the FET amplifier in Figure 10—20 is shown in Figure 10-21. As in 
the case for the BJT amplifier, the reactance of the input coupling capacitor increases as the 
frequency decreases. When Xc; = Rin, the gain is down 3 dB below its midrange value. 


> FIGURE 10-21 Cy 
are Gate 
Input RC circuit. 
Vin Rg Rin(gate) 
The lower critical frequency is 
1 


The input resistance is 


Seiinput) = rR, Cj 
in 


Rin = Rg ll Rincgate) 
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where Rin(gate) is determined from datasheet information as 


Vos 
Rin(gate) = 1 
GSS 
Therefore, the lower critical frequency is 
1 


Setinputy = Equation 10-12 


27(Rg || Rintgatey)C1 
For practical work, the value of Ringate) is So large it can be ignored, as will be illustrated 
in Example 10-7. 

The gain rolls off below f. at 20 dB/decade, as previously shown. The phase angle in the 
low-frequency input RC circuit is 


XxX 
0= tn=1(4) Equation 10-13 
Rin 
EXAMPLE 10-7 What is the lower critical frequency of the input RC circuit in the FET amplifier of 


Figure 10-22? 


FIGURE 10-22 


0.001 uF 
| 


Igss = 25 nA @ Vgg =-10V 


Solution First determine R;, and then calculate f.. 


Wes 10V 
Rin(gate) = I 5 = 400 MQ 
GSS nA 
Rin = Rg | Rin(gate) = 10 MO | 400 MQ = 9.8 MQ 
1 1 
= = = 16.2H 
FetGinput QTRinC,  277(9.8 MQ)(0.001 pF) ‘ 
For all practical purposes, 
cote 10 MO 
and 
f : = 15.9H 
: = = — 4 Z 
cKinpu) RoC, 2710 MQ,)(0.001 uF) 


There is very little difference in the two results. 
The critical frequency of the input RC circuit of a FET amplifier is usually very low 
because of the very high input resistance and the high value of Rg. 
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Related Problem 


Equation 10-14 


Equation 10-15 
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How much does the lower critical frequency of the input RC circuit change if the FET 
in Figure 10-22 is replaced by one with Igsg = 10nA @Vgs = —8 V? 


Open the Multisim file E10-07 in the Examples folder on the companion website 
and measure the low critical frequency for the input circuit. Compare to the 
calculated results. 


The Output RC Circuit 


The second RC circuit that affects the low-frequency response of the FET amplifier in 
Figure 10-20 is formed by a coupling capacitor C2 and the output resistance looking in at 
the drain, as shown in Figure 10—23(a). The load resistor, R,, is also included. As in the case 
of the BJT, the FET is treated as a current source, and the upper end of Rp is effectively ac 
ground, as shown in Figure 10—23(b). The Thevenin equivalent of the circuit to the left of 
C2 is shown in Figure 10—23(c). The lower critical frequency for this RC circuit is 


1 
Setioutput) = Ia(Rp + RCs 


2 Rin=Rp 


R, R, Vin 


(b) (c) 


A FIGURE 10-23 


Development of the equivalent low-frequency output RC circuit. 


The effect of the output RC circuit on the amplifier’s voltage gain below the midrange is 
similar to that of the input RC circuit. The circuit with the highest critical frequency domi- 
nates because it is the one that first causes the gain to roll off as the frequency drops below 
its midrange values. The phase angle in the low-frequency output RC circuit is 


6 = tan7!{ ——@C _ ) 

(x + Ry 
Again, at the critical frequency, the phase angle is 45° and approaches 90° as the frequency 
approaches zero. However, starting at the critical frequency, the phase angle decreases 
from 45° and becomes very small as the frequency goes higher. 


EXAMPLE 10-8 


Determine the lower critical frequencies for the FET amplifier in Figure 10—24. 
Assume that the load is another identical amplifier with the same R;,. The datasheet 
shows Igss = 100 nA at Vos = —12V. 
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Vpp 
+10 V 
1} 
Rp 
10kQ Cy 
Vou 
Cc; 
0.001 uF 
—| : 
0.001 uF b 
V. G 
7 10 MO 
A FIGURE 10-24 
Solution First, find the lower critical frequency for the input RC circuit. 
Ves IN 
Rin(gate) = = = 120M0 
I ESS 100 nA 
Rin = Rg || Rin(gatey = 10 MQ. || 120 MQ = 9.2M0 
1 1 
= = = 173H 
Fettinpu Q7RinC;  277(9.2MQ)(0.001 LF) 
The output RC circuit has a lower critical frequency of 
I : ! 17.3 H 
= = = 17.3 Hz 
cKouput)  Im(Rp + R,)Cy 2779.21 MQ)(0.001 pF) 
Related Problem _ If the circuit in Figure 10—24 were operated with no load, how is the low-frequency 


response affected? 


it Open the Multisim file E10-08 in the Examples folder on the companion website. 


Determine the total low-frequency response of the amplifier. 


Total Low-Frequency Response of an Amplifier 


Now that we have individually examined the high-pass RC circuits that affect a BJT or FET 
amplifier’s voltage gain at low frequencies, let’s look at the combined effect of the three RC 
circuits in a BJT amplifier. Each circuit has a critical frequency determined by the R and C 
values. The critical frequencies of the three RC circuits are not necessarily all equal. If one of 
the RC circuits has a critical (break) frequency higher than the other two, then it is the 
dominant RC circuit. The dominant circuit determines the frequency at which the overall 
voltage gain of the amplifier begins to drop at —20 dB/decade. The other circuits each cause 
an additional —20 dB/decade roll-off below their respective critical (break) frequencies. 

To get a better picture of what happens at low frequencies, refer to the Bode plot in 
Figure 10—25, which shows the superimposed ideal responses for the three RC circuits 
(green lines) of a BJT amplifier. In this example, each RC circuit has a different critical fre- 
quency. The input RC circuit is dominant (highest f..) in this case, and the bypass RC circuit 
has the lowest f.. The ideal overall response is shown as the blue line. 

Here is what happens. As the frequency is reduced from midrange, the first “break 
point” occurs at the critical frequency of the input RC circuit, f.yinpyz), and the gain begins 
to drop at —20 dB/decade. This constant roll-off rate continues until the critical frequency 
of the output RC circuit, fxouput), 18 reached. At this break point, the output RC circuit 
adds another —20 dB/decade to make a total roll-off of —40 dB/decade. This constant 
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> FIGURE 10-25 


Composite Bode plot of a BJT ampli- 
fier response for three low-frequency 
RC circuits with different critical fre- 
quencies. Total response is shown by 
the blue curve. 


» FIGURE 10-26 


Composite Bode plot of an amplifier 
response where all RC circuits have 
the same f,. (Blue is ideal; red is 
actual.) 


Teiypass) Toioutnads Seu input) 


204 —20 dB/decade 


_404 
—40 dB/decade 


—604 


—804 


—60 dB/decade 
—100- 


v 
A, (dB) 


—40 dB/decade roll-off continues until the critical frequency of the bypass RC circuit, 
Sel(bypass) 18 reached. The bypass RC circuit adds still another —20 dB/decade at this break 
point, making the gain roll-off at —60 dB/decade. 

If all RC circuits have the same critical frequency, the response curve has one break 
point at that value of f,;, and the voltage gain rolls off at —60 dB/decade below that value, 
as shown by the ideal curve (blue) in Figure 10—26. Actually, the midrange voltage gain 
does not extend down to the dominant critical frequency but is really at —9 dB below the 
midrange voltage gain at that point (—3 dB for each RC circuit), as shown by the red curve. 


0.01f0) O.1 fer Sat 10fc) 100f.1 
0) L 
94 
~204 i 
40 —60 dB/decade 
a er ere ae 
Y 
A, (dB) 


EXAMPLE 10-9 


Solution 


For the circuit from Example 10-3 and shown in Figure 10—27, determine the mid- 
band gain in decibels and draw the Bode plot, showing each of the lower critical fre- 
quencies. Assume r, = 9.60. 


The midband gain is 


RR, (3.9k9)(5.6kQ) 


54.0 
lhe aun Jegeh 960M + 330 


Vv 


FIGURE 10-28 


Ideal Bode plot for the overall 
low-frequency response of the 
amplifier in Figure 10—27. 


Related Problem 
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Vec 
+15 V 
(e} 
—_______° 
Re 
R 3.9 kO Cs i 
68 kQ é | | out 
R, C, 
; (a) 0.33 WF 
’ (C ) 2N3904 Ry, 
6002 gy UF 5.6kO 
Rey 
33.0, = 
Vs R, 
50 mVpp 22 kO om 
Reo Cy 
15kQ TV 100 uF 


FIGURE 10-27 


In decibels, 
A, = 20 log (54.0) = 34.3 dB 


The critical frequency for the input circuit was found in Example 10-3 and is 282 Hz. 
The critical frequency for the output circuit was found in Example 10-5 and is 50.8 Hz. The 
critical frequency for the emitter bypass circuit was found in Example 10—6 and is 36.0 Hz. 

The overall response is shown in the Bode plot of Figure 10—28. The lower critical 
frequency of the input circuit has the highest value and is therefore the overall or dom- 
inant critical frequency because the response first begins to roll off at this frequency. 


A, (dB) 
A 
34.3 4---- ee ee ee ee ee eee ee eres 
—20 dB/decade 
oa 40 dB/decade 

Py 
; 1 
; 
= 60 dB/decade 
ha 
i. sl 
; 

0 {| > f (Hz) 

: 36.0 50.8 282 
Sottbypass) Set(output) Fetinput) 


If the overall gain of the amplifier is reduced by increasing Rp), how will the lower 
critical frequency be affected? 
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Computer Simulation of Frequency Response 


As you saw in the previous example, the calculation of multiple critical frequencies is 
involved and each critical frequency contributes to the overall response. The ideal response 
shown in Example 10-9 is an excellent first approximation, but when more accuracy is 
required, a computer simulation is used. The computer takes into account all of the param- 
eters for the particular device including effects such as internal capacitances that are usually 
ignored in manual calculations, and it can calculate in detail the interactions that occur 
when there are multiple breakpoints as in Example 10-9. 

Multisim is based on SPICE models that can show the frequency response of circuits on 
the Bode plotter. As mentioned earlier, the Bode plotter is not a real instrument. It performs 
the same function as an instrument called the spectrum analyzer, which can also plot the 
frequency response of a circuit. Example 10-10 illustrates the application of computer 
analysis to the circuit in the previous example. 


EXAMPLE 10-10 


Solution 


| 


Use Multisim to show the overall low-frequency response of the circuit in Example 10-9. 


Figure 10-29 shows the circuit in Multisim with an oscilloscope display and Bode 
plotter. The cursor is set to the critical frequency on the Bode plotter so that the 


© 


FIGURE 10-29 
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frequency can be read directly. The result in Figure 10—30 indicates the overall critical 


frequency is 328 Hz. 


x Oscilloscope-XSC1 


Ti hi 1A h | 
71 ime Channel_: Channel_8 Rnnaree 


TZ |) 15.3645 = -61.33¢ mV 2.160 ¥ = Ext Trig. 
pe) o 


72-T1 
Timebase Channel A Channel B 


Seale | 500 us/Div Seale|S0mWDiv | Seale [2 Div Edge 
X position |0 ¥ position) 0 ¥ position lo 
[¥iT Add BA ABI) AC] oO | foc @)| ac|o foc -| © | Type feinigs Nor. | Auto| None 


Trigger 


Bode Plotter-XBP1 
hiiode 


[Magnitude Phase 
Honzontal Vertical 

Fs [kHe | F [50 | 4B 
[to] Sf He 14-5 [dB 
Controls 


Reverse Save Set... 


+f Out @ —- 


327.989 Hz 30.41 dB 


A FIGURE 10-30 


Related Problem What change would you make to reduce the lower critical frequency to 100 Hz? 


1. A certain BJT amplifier exhibits three critical frequencies in its low-frequency response: 
Fair = 130 HZ, f-79 = 167 Hz, and f,;3 = 75 Hz. Which is the dominant critical frequency? 


2. If the midrange voltage gain of the amplifier in Question 1 is 50 dB, what is the gain 
at the dominant f,;? 


SECTION 10-3 
CHECKUP 
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circuit has an f,; = 235 Hz, above which the attenuation is 0 dB. What is 

uation at 23.5 Hz? 

the amount of phase shift contributed by an input circuit when Xc = 0.5Rin 
1 frequency below f,;? 

critical frequency when Rp = 1.5 kQ, R, = 5 kQ, and C, = 0.0022 pF 

ke Figure 10—24? 
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You have seen how the coupling and bypass capacitors affect the voltage gain of an 
amplifier at lower frequencies where the reactances of the coupling and bypass capaci- 
tors are significant. In the midrange of an amplifier, the effects of the capacitors are 
minimal and can be neglected. If the frequency is increased sufficiently, a point is 
reached where the transistor’s internal capacitances begin to have a significant effect 
on the gain. The basic differences between BJTs and FETs are the specifications of the 
internal capacitances and the input resistance. 


After completing this section, you should be able to 


4 Analyze the high-frequency response of an amplifier 
a Analyze a BJT amplifier 
« Apply Miller’s theorem 
4 Identify and analyze the BJT amplifier’s input RC circuit 
¢ Calculate the upper critical frequency and gain roll-off * Determine the phase 
shift 
4 Identify and analyze the BJT amplifier’s output RC circuit 
¢ Calculate the upper critical frequency + Determine the phase shift 
a Analyze a FET amplifier 
4 Identify and analyze a JFET amplifier 
¢ Determine internal capacitances on a datasheet ¢ Apply Miller’s theorem 
a Identify and analyze the JFET amplifier’s input RC circuit 
¢ Calculate the upper critical frequency + Determine the phase shift 
4 Identify and analyze the JFET amplifier’s output RC circuit 
¢ Calculate the upper critical frequency + Determine the phase shift 
4 Discuss the total high-frequency response of an amplifier 
¢ Use Bode plots to illustrate the high-frequency response 


BJT Amplifiers 


A high-frequency ac equivalent circuit for the BJT amplifier in Figure 10—31(a) is shown 
in Figure 10—31(b). Notice that the coupling and bypass capacitors are treated as effective 
shorts and do not appear in the equivalent circuit. The internal capacitances, C,, and Cp, 
which are significant only at high frequencies, do appear in the diagram. As previously 
mentioned. C;,. is sometimes called the input capacitance Cp, and C;,. is sometimes called 
the output capacitance Cy. Cp, is specified on datasheets at a certain value of Vgg. Often, 
a datasheet will list Cj, as Cjp) and Cy, aS Copo. The o as the last letter in the subscript in- 
dicates the capacitance is measured with the base open. For example, a 2N2222A transis- 
tor has a C;,. of 25 pF at Vgg = 0.5 V de, Jc = 0, and f = 1 MHz. Also, C;, is specified at 
a certain value of Vgc. The 2N2222A has a maximum C;, of 8 pF at Vgc = 10 V de. 


Miller’s Theorem in High-Frequency Analysis By applying Miller’s theorem to the 
inverting amplifier in Figure 10—31(b) and using the midrange voltage gain, you have a circuit 
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Vin 


(a) Capacitively coupled amplifier (b) High-frequency equivalent circuit 


A FIGURE 10-31 


Capacitively coupled amplifier and its high-frequency equivalent circuit. 


that can be analyzed for high-frequency response. Looking in from the signal source, the 
capacitance C;,. appears in the Miller input capacitance from base to ground. 


Cin(Miller) = Cyc(Ay ot 1) 


Cpe Simply appears as a capacitance to ac ground, as shown in Figure 10-32, in parallel 
with Cin(yilier. Looking in at the collector, Cp, appears in the Miller output capacitance 
from collector to ground. As shown in Figure 10-32, the Miller output capacitance appears 


in parallel with R,. 
Ay +1 
Cout(Miller) = Che A 
i 


These two Miller capacitances create a high-frequency input RC circuit and a high- 
frequency output RC circuit. These two circuits differ from the low-frequency input and 
output circuits, which act as high-pass filters, because the capacitances go to ground and 
therefore act as low-pass filters. The equivalent circuit in Figure 10-32 is an ideal model 
because stray capacitances that are due to circuit interconnections are neglected. 


R, 
\M-° 


Cout(Miller) R. = Re ll R, 


Vin R, Il Ry T Cin(miller) T Che 


The Input RC Circuit 


At high frequencies, the input circuit is as shown in Figure 10—33(a), where By-rz is the 
input resistance at the base of the transistor because the bypass capacitor effectively shorts 
the emitter to ground. By combining C), and Cj (itier) in parallel and repositioning, you 
get the simplified circuit shown in Figure 10—33(b). Next, by thevenizing the circuit to the 
left of the capacitor, as indicated, the input RC circuit is reduced to the equivalent form 
shown in Figure 10—33(c). 

As the frequency increases, the capacitive reactance becomes smaller. This causes the 
signal voltage at the base to decrease, so the amplifier’s voltage gain decreases. The reason 
for this is that the capacitance and resistance act as a voltage divider and, as the frequency 
increases, more voltage is dropped across the resistance and less across the capacitance. At 
the critical frequency, the gain is 3 dB less than its midrange value. The upper critical high 


Roll, 


<4 FIGURE 10-32 


High-frequency equivalent circuit 
after applying Miller’s theorem. 
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Vin 


Equation 10-16 


Thevenizing 
R, ee this point 
vy Base 
Woe R, I Ry Bute + Che ao Cin(Miller) 


(b) 


Ry = RyRy WR ll Baer 


ache 


Base 


T Cre + Cin(Mitler) 


Vin 


A FIGURE 10-33 


Development of the equivalent high-frequency input RC circuit. 


frequency of the input circuit, f.(inpur), 18 the frequency at which the capacitive reactance 
is equal to the total resistance. 
Xc,,, = Rs||Ri || Rol Bacre 
Therefore, 
<= BIRR Bac 
27 feu (input)Ctot ee 


and 


1 
ti A a a a 
euepe) “ 2ae(Rs || Rx || Roll Bacte)Crot 
where R, is the resistance of the signal source and Cig, = Cpe + Cincmitier). AS the frequency 


goes above fo (input), the input RC circuit causes the gain to roll off at a rate of —20 dB/decade 
just as with the low-frequency response. 


EXAMPLE 10-11 


» FIGURE 10-34 


Derive the equivalent high-frequency input RC circuit for the BJT amplifier in 
Figure 10-34. Use this to determine the upper critical frequency due to the input 


out 


HIGH-FREQUENCY AMPLIFIER RESPONSE @ 533 


circuit. The transistor’s datasheet provides the following: B,. = 125, Cy. = 20 pF, 
and Cp, = 2.4 pF. 


Solution First, find r; as follows: 


Ry 4.7kO 
we pe 10V = 1.76V 


Riek: 26.7kO 
Vg = Vg — 0.7V = 1.06V 

Vg 1.06 V 
Ip =— = = 2.26mA 
Pre 4700 

25 mV 
y= = 1110 

Tp 


The total resistance of the input circuit is 
Rinwot) = Rs || Ri || Ro) Bacre = 600 © || 22 kO || 4.7 kO |] 125(11.1 O) = 378 0 


Next, in order to determine the capacitance, you must calculate the midrange gain 
of the amplifier so that you can apply Miller’s theorem. 
R. Rcl|Rp _ 1.1k0 


PAg en = = = 
ey, rl, 11.10 


98) 


Apply Miller’s theorem. 

Cincmilter) = CrclAymiay + 1) = (2.4 pF)100) = 240 pF 
The total input capacitance is Cjncqygijjer) in parallel with Cp. 

Gicoh) = Cinviller) + Cre — 240'pF + 20 pF = 260 pF 


The resulting high-frequency input RC circuit is shown in Figure 10-35. The upper 
critical frequency is 


1 1 
i = = = 1.62 MH 
Feu(input 2m(Rinton’(Cintoy)  27(378 0)(260 pF) z 
R, | Ry Rs I Bor, = 378 0 
WW Base 
Vin —— Cre + Cin(Miller) = 260 pF 


A FIGURE 10-35 


High-frequency equivalent input RC circuit for the amplifier in Figure 10-34. 


Related Problem Determine the input RC circuit for Figure 10—34 and find its upper critical frequency if a 
transistor with the following specifications is used: Bg- = 75, Cpe = 15 pF, Cp, = 2 pF. 


Open the Multisim file E10-11 in the Examples folder on the companion website. 
Measure the critical frequency for the amplifier’s high-frequency response and 
compare to the calculated result. 
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Equation 10-17 


Equation 10-18 


Phase Shift of the Input RC Circuit Because the output voltage of a high-frequency 
input RC circuit is across the capacitor, the output of the circuit lags the input. The phase 
angle is expressed as 


0= tan1( | Ry I R | Put) 


XCuor ) 


At the critical frequency, the phase angle is 45° with the signal voltage at the base of the 
transistor lagging the input signal. As the frequency increases above f., the phase angle in- 
creases above 45° and approaches 90° when the frequency is sufficiently high. 


The Output RC Circuit 


The high-frequency output RC circuit is formed by the Miller output capacitance and the 
resistance looking in at the collector, as shown in Figure 10—36(a). In determining the out- 
put resistance, the transistor is treated as a current source (open) and one end of Rc is 
effectively ac ground, as shown in Figure 10—36(b). By rearranging the position of the 
capacitance in the diagram and thevenizing the circuit to the left, as shown in Figure 
10—36(c), you get the equivalent circuit in Figure 10—36(d). The equivalent output RC cir- 
cuit consists of a resistance equal to the parallel combination of Rc and R, in series with a 
capacitance that is determined by the following Miller formula: 


Ac] 
Cout(Miller) = Che A 
y 


If the voltage gain is at least 10, this formula can be approximated as 


Cout(m iller) = Che 


The upper critical frequency for the output circuit is determined with the following equa- 
tion, where R. = Rc|| Ry. 


1 


Feutoutput) 7 27R, Cout(Miller) 


R, 


| Cout(Miller) 


CourMille 
ie | out(Miller) 


(c) (d) 


A FIGURE 10-36 


Development of the equivalent high-frequency output RC circuit. 
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Just as in the input RC circuit, the output RC circuit reduces the gain by 3 dB at the crit- 
ical frequency. When the frequency goes above the critical value, the gain drops at a 
—20 dB/decade rate. The phase angle introduced by the output RC circuit is 


d= tan“) Equation 10-19 
MO capa 


5 
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EXAMPLE 10-12 


Determine the upper critical frequency of the amplifier in Example 10-11 shown in 
Figure 10—37 due to its output RC circuit. 


FIGURE 10-37 


out 


Solution Calculate the Miller output capacitance. 


Ave A 99 +1 
Cout (Miller) = Che A = (2.4 pF) 99 = 24pF 
i 


The equivalent resistance is 


eee, = 2240 ||22kO = 1.1k0 


The equivalent output RC circuit is shown in Figure 10-38. Determine the upper criti- 
cal frequency as follows (Couitier) = Che): 


1 1 
= = = 60.3 MH 
Feu output) QTR-Cye 2771.1 kO)(2.4 pF) z 


FIGURE 10-38 


~) == 2.4 pF 


Related Problem If another transistor with C,, = 5 pF is used in the amplifier, what is fou (output)? 
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FET Amplifiers 


The approach to the high-frequency analysis of a FET amplifier is similar to that of a BJT 
amplifier. The basic differences are the specifications of the internal FET capacitances and 
the determination of the input resistance. 

Figure 10—39(a) shows a JEET common-source amplifier that will be used to illustrate 
high-frequency analysis. A high-frequency equivalent circuit for the amplifier is shown in 
Figure 10—39(b). Notice that the coupling and bypass capacitors are assumed to have neg- 
ligible reactances and are considered to be shorts. The internal capacitances C,, and Czy 
appear in the equivalent circuit because their reactances are significant at high frequencies. 


Vpp 
Rp 
e Vout 
(Hoes 
o == Cea 
ot =e 
R, - R, Bee 
Rg Rs C; Rg 
Vin Ve 
(a) (b) 

A FIGURE 10-39 
Example of a JFET amplifier and its high-frequency equivalent circuit. 
Values of Cy, Cgq, and Cy, FET datasheets do not normally provide values for C,,, Cgq, 
or Cy,. Instead, three other values are usually specified because they are easier to measure. 
These are C;,,, the input capacitance; C,,,, the reverse transfer capacitance; and C,,,, the 
output capacitance. Because of the manufacturer’s method of measurement, the following 
relationships allow you to determine the capacitor values needed for analysis. 

Equation 10-20 Coa = Coss 

Equation 10-21 Cys = Ciss — Crss 

Equation 10-22 Cie = Cog. — Cree 
Coss 18 not specified as often as the other values on datasheets. Sometimes, it is designated 
as Ca sup) the drain-to-substrate capacitance. In cases where a value is not available, you 
must either assume a value or neglect C4,. 

EXAMPLE 10-13 The datasheet for a 2N3823 JFET gives Cj;; = 6 pF and C,,, = 2 pF. Determine Cyq 
and C,.. 
Solution es = ODE 


Cys = Ciss — Crss = 6 pF — 2pF = 4pF 


Related Problem Although C,,,, is not specified on the datasheet for the 2N3823 JFET, assume a value 
of 3 pF and determine C;,. 
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Using Miller’s Theorem Miiller’s theorem is applied the same way in FET inverting am- 
plifier high-frequency analysis as was done in BJT amplifiers. Looking in from the signal 
source in Figure 10—39(b), Cgq effectively appears in the Miller input capacitance, which 
was given in Equation 10-1, as follows: 


Cin (Miller) = Cea(Ay + 1) 


C,s simply appears as a capacitance to ac ground in parallel with Cjncyitier), aS Shown in 
Figure 10—40. Looking in at the drain, C,q effectively appears in the Miller output 
capacitance (from Equation 10-2) from drain to ground in parallel with Ry, as shown in 


Figure 10-40. 
Ag 1 
Cout(Miller) = Coa A 
y 


These two Miller capacitances contribute to a high-frequency input RC circuit and a high- 
frequency output RC circuit. Both are low-pass filters, which produce phase lag. 


@ 
We Rin(gate) 
a 
=r T. Cout(Miller ) Ry 
Ky “T: | Cin(Miller) 


A FIGURE 10-40 
High-frequency equivalent circuit after applying Miller’s theorem. 


The Input RC Circuit 

The high-frequency input circuit forms a low-pass type of filter and is shown in Figure 
10—41(a). Because both Rg and the input resistance at the gate of FETs are extremely 
high, the controlling resistance for the input circuit is the resistance of the input source as 
long as R, << R;,. This is because R, appears in parallel with R;, when Thevenin’s theo- 
rem is applied. The simplified input RC circuit appears in Figure 10-—41(b). The upper 
critical frequency for the input circuit is 


1 
Seulinput) = 2aR,Ciot 
sto 


—— V, 
C3, st Cin(Miller) th @ 


Rin = =— Rg ll Rigteate) 


in 


(a) Thevenizing 


A FIGURE 10-41 


Input RC circuit. 


Equation 10-23 


Crot = 


Cy st Cin(miller) 


(b) Thevenin equivalent input circuit, neglecting R;, 


° 
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Equation 10-24 


where Cio, = Cys + Cincmiller)- The input RC circuit produces a phase angle of 


R 
d= tan"( . ) 
XC 


The effect of the input RC circuit is to reduce the midrange gain of the amplifier by 3 dB 
at the critical frequency and to cause the gain to decrease at —20 dB/decade above f.. 


EXAMPLE 10-14 


» FIGURE 10-42 


Solution 


Related Problem 


Find the upper critical frequency of the input RC circuit for the FET amplifier in 
Figure 10-42. C;,, = 8 pF, C,s; = 3 pF, and g,, = 6500 ws. 


Determine C,,q and Cy. 
Cod = Css = 3 pF 
Cys tee orn, — COPY — 3pF = 5 pF 
Determine the upper critical frequency for the input RC circuit as follows: 
Ay = &mRa = &m(Rp || Rt) = (6500 wS)(1kQ) = 6.5 
Cin(miliey = Cea(Ay + 1) = G pF)(7.5) = 22.5 pF 
The total input capacitance is 
Crreiars) = Cys oF Cin (Miller) = >/pF ap Dees) pF = 27.5 pF 
The upper critical frequency is 


1 1 
Feuinrt) ~ SeReCixeas 250 OATS PF) 


= 116 MHz 


If the gain of the amplifier in Figure 10—42 is increased to 10, what happens to f,.? 


The Output RC Circuit 


The high-frequency output RC circuit is formed by the Miller output capacitance and the output 
resistance looking in at the drain, as shown in Figure 10—43(a). As in the case of the BJT, the 
FET is treated as a current source. When you apply Thevenin’s theorem, you get an equivalent 
output RC circuit consisting of Rp in parallel with R; and an equivalent output capacitance. 


A+ 
Cout(Miller) = Cea = 
‘ 
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<@ FIGURE 10-43 


Ry=RpillRp Output RC circuit. 


Sk — Cout(Miller) R, 


Cout(Miller) 


(a) (b) 


This equivalent output circuit is shown in Figure 10—43(b). The critical frequency of the 
output RC lag circuit is 


1 
Si ck Equation 10-25 
eulouteu) Yat RaCout Miller) : 
The output circuit produces a phase shift of 
-1 Ra . 
6 = tan” “| ————_ Equation 10-26 
AO ities 
EXAMPLE 10-15 Determine the upper critical frequency of the output RC circuit for the FET amplifier 


in Figure 10-42. What is the phase shift introduced by this circuit at the critical fre- 


quency? Which RC circuit is dominant, that is, which one has the lower value of upper 


critical frequency? 


Solution Since R;, is very large compared to Rp, it can be neglected, and the equivalent output 
resistance is 


Rg = Rp = OKO) 


The equivalent output capacitance is 


Ay + 1 WS 
CounMilley) = Cod ii = (3 pF) ne) 3.46 pF 
% 


Therefore, the upper critical frequency is 


i 1 
Feutoutput 2RaCourmiller) 27 (1.0kO)(3.46 pF) 


= 46 MHz 


Although it has been neglected, any stray wiring capacitance could significantly affect 


the frequency response because Coy ilier) is very small. 
The phase angle is always 45° at f. for an RC circuit and the output lags. 


In Example 10-14, the upper critical frequency of the input RC circuit was found to 
be 116 MHz. Therefore, the upper critical frequency for the output circuit is dominant 


because it is the lower of the two. 


Related Problem If A, of the amplifier in Figure 10—42 is increased to 10, what is the upper critical fre- 


quency of the output circuit? 


Total High-Frequency Response of an Amplifier 


As you have seen, the two RC circuits created by the internal transistor capacitances influ- 
ence the high-frequency response of both BJT and FET amplifiers. As the frequency 


540 
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A, (4B) 
A 


Amid) 


increases and reaches the high end of its midrange values, one of the RC circuits will cause 
the amplifier’s gain to begin dropping off. The frequency at which this occurs is the domi- 
nant upper critical frequency; it is the lower of the two upper critical high frequencies. An 
ideal high-frequency Bode plot is shown in Figure 10—44(a). It shows the first break point 
at fewinputy Where the voltage gain begins to roll off at —20 dB/decade. At fou(ourputys the gain 
begins dropping at —40 dB/decade because each RC circuit is providing a —20 dB/decade 
roll-off. Figure 10—44(b) shows a nonideal Bode plot where the voltage gain is actually 
—3 dB/decade below midrange at foy(inpur). Other possibilities are that the output RC circuit 
is dominant or that both circuits have the same critical frequency. 


A, (dB) 
A 


-20 dB decade ~uep eee 


—40 dB decade 


(a) Ideal 


~f 


Seutinput) Seutoutput) Seutinput) 
(b) Nonideal 


A FIGURE 10-44 


High-frequency Bode plots. 


> high-frequency response of an amplifier? 
midrange voltage gain of 80, the transistor’s C,, is 4 pF, and 


has fou(input) = 3-5 MHz and feu(output) = 8.2 MHz. Which circuit 
Trequency response? 


inces that are usually specified on a FET datasheet? 


10—5 TOTAL AMPLIFIER FREQUENCY RESPONSE 


In the previous sections, you learned how each RC circuit in an amplifier affects the fre- 
quency response. In this section, we will bring these concepts together and examine the 
total response of typical amplifiers and the specifications relating to their performance. 


After completing this section, you should be able to 


4 Analyze an amplifier for total frequency response 
4 Discuss bandwidth 

¢ Define the dominant critical frequencies 
4 Explain gain-bandwidth product 

¢ Define unity-gain frequency 
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Figure 10—45(b) shows a generalized ideal response curve (Bode plot) for the BJT 
amplifier shown in Figure 10—45(a). As previously discussed, the three break points at the 
lower critical frequencies (f.1, fci2, and f.j3) are produced by the three low-frequency RC 
circuits formed by the coupling and bypass capacitors. The break points at the upper criti- 
cal frequencies, f.,,; and f.,2, are produced by the two high-frequency RC circuits formed 
by the transistor’s internal capacitances. 


A, (dB) 
A 


SR Sk C3 V Ay nid) [oo a ee ae 


I 
I 
I 
I 
R, 
| 
I 
I 
I 
I 


Vin Sh pte 7 


a oh oh ——— fou fer fers 
eran 


(a) (b) 


A FIGURE 10-45 


A BJT amplifier and its generalized ideal response curve (Bode plot). 


Of particular interest are the two dominant critical frequencies, f.;3 and f.,;, in Figure 
10-—45(b). These two frequencies are where the voltage gain of the amplifier is 3 dB below 
its midrange value. These dominant frequencies are designated fcidom) aNd few(dom) 

The upper and lower dominant critical frequencies are sometimes called the half-power 
frequencies. This term is derived from the fact that the output power of an amplifier at its 
critical frequencies is one-half of its midrange power, as previously mentioned. This can be 
shown as follows, starting with the fact that the output voltage is 0.707 of its midrange 
value at the dominant critical frequencies. 


Vout ty 0.707 Vout(mid) 
2 
P Vout f.) (0.707 V sey 0.5 V2 (mid) 
‘¢-) a -_ _ 
TT Rd Rui Rout 


_ 0.5 Poutmid) 


Bandwidth 


An amplifier normally operates with signal frequencies between fei(dom) aNd fou(dom)- AS 
you know, when the input signal frequency is at f.dom) OF feu(dom), the output signal voltage 
level is 70.7% of its midrange value or —3 dB. If the signal frequency drops below foidom), 
the gain and thus the output signal level drops at 20 dB/decade until the next critical fre- 
quency is reached. The same occurs when the signal frequency goes above fo(dom): 

The range (band) of frequencies lying between fej(dom) and feu(dom) 18 defined as the 
bandwidth of the amplifier, as illustrated in Figure 10—46. Only the dominant critical fre- 
quencies appear in the response curve because they determine the bandwidth. Also, some- 
times the other critical frequencies are far enough away from the dominant frequencies that 
they play no significant role in the total amplifier response and can be neglected. The 
amplifier’s bandwidth is expressed in units of hertz as 


BW = Seu(dom) = Sci(dom) 


Sout f cu2 


di cu(dom) 


Equation 10-27 


° 
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> FIGURE 10-46 


Response curve illustrating the band- 
width of an amplifier. 


A, (dB) 
4 Ideal 
Av nid) 

3 dB 
I 
| 
| 
I 
| 
| 
| 
| 
| 
| 
'+— Bandwidth ———>| 
I 
| 
| 
| > f 

0 ti cl(dom) fi cu(dom) 


Ideally, all signal frequencies lying in an amplifier’s bandwidth are amplified equally. For 
example, if a 10 mV rms signal is applied to an amplifier with a voltage gain of 20, it is 
amplified to 200 mV rms for all frequencies in the bandwidth. Actually, the gain is down 


3 dB at foldom) and foeu(dom): 


EXAMPLE 10-16 


Solution 


Related Problem 


What is the bandwidth of an amplifier having an fcjdom) Of 200 Hz and an foy(dom) Of 2 KHz? 


BW = Jeautconas = Welcon) = 2000 Hz — 200 Hz = 1800 Hz 


Notice that bandwidth has the unit of hertz. 


If fcidom) 18 increased, does the bandwidth increase or decrease? If fe(dom) 18 increased, 
does the bandwidth increase or decrease? 


Equation 10-28 


Gain-Bandwidth Product 


One characteristic of amplifiers is that the product of the voltage gain and the bandwidth is 
always constant when the roll-off is —20 dB/decade. This characteristic is called the gain- 
bandwidth product. Let’s assume that the dominant lower critical frequency of a particu- 
lar amplifier is much less than the dominant upper critical frequency. 


ti cl(dom) < fo cu(dom) 


The bandwidth can then be approximated as 
BW = Scu(dom) = Soi(dom) = Ft 


Unity-Gain Frequency The simplified Bode plot for this condition is shown in Figure 
10-47. Notice that foidomy is neglected because it is so much smaller than fo ¢gom), and the 
bandwidth approximately equals fo. ¢gom). Beginning at foy(dom), the gain rolls off until unity 
gain (0 dB) is reached. The frequency at which the amplifier’s gain is | is called the unity- 
gain frequency, fr. The significance of fy is that it always equals the midrange voltage gain 
times the bandwidth and is constant for a given transistor. 


Sr = AvymiayBW 


For the case shown in Figure 10-47, fr = Ay mia)feu(dom)- For example, if a transistor 
datasheet specifies fr = 100 MHz, this means that the transistor is capable of producing a 
voltage gain of | up to 100 MHz, or a gain of 100 up to | MHz, or any combination of gain 
and bandwidth that produces a product of 100 MHz. 
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A, << FIGURE 10-47 

t Simplified response curve where 

Fei(dom) is negligible (assumed to be 
Avimiay zero) compared to feu(dom)- 
/— -20 dB/decade 
+ Bandwidth ——————_», 
1 > f 
0 fi cu(dom) f vi 
EXAMPLE 10-17 A certain transistor has an f7 of 175 MHz. When this transistor is used in an amplifier 
with a midrange voltage gain of 50, what bandwidth can be achieved ideally? 
Solution Sr = A\miayBW 
175 MH 
ee < = 3.5MHz 
Bacal 50 


Related Problem An amplifier has a midrange voltage gain of 20 and a bandwidth of 1 MHz. What is 


the f; of the transistor? 


e voltage gain of an amplifier at f;? 


bandwidth of an amplifier when fa,(dom) = 25 kHz and fe(¢om) = 100 Hz? 
certain transistor is 130 MHz. What voltage gain can be achieved with a 


10-6 FREQUENCY RESPONSE OF MULTISTAGE AMPLIFIERS 


To this point, you have seen how the voltage gain of a single-stage amplifier changes 
over frequency. When two or more stages are cascaded to form a multistage amplifier, 
the overall frequency response is determined by the frequency response of each stage 
depending on the relationships of the critical frequencies. 


After completing this section, you should be able to 


1 Analyze multistage amplifiers for frequency response 

a Analyze the case where the stages have different critical frequencies 
¢ Determine the overall bandwidth 

4 Analyze the case where the stages have equal critical frequencies 
¢ Determine the overall bandwidth 

4 Simulate a two-stage amplifier using Multisim 


When amplifier stages are cascaded to form a multistage amplifier, the dominant fre- 
quency response is determined by the responses of the individual stages. There are two 
cases to consider: 


1. Each stage has a different dominant lower critical frequency and a different domi- 
nant upper critical frequency. 
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2. Each stage has the same dominant lower critical frequency and the same dominant 
upper critical frequency. 


Different Critical Frequencies 


Ideally, when the dominant lower critical frequency, f.1(¢om), of each amplifier stage is dif- 
ferent from the other stages, the overall dominant lower critical frequency, foidom), equals 
the dominant critical frequency of the stage with the highest foxdom): 

Ideally, when the dominant upper critical frequency, foy(gom), Of each amplifier stage is 
different from the other stages, the overall dominant upper critical frequency, foudom)s 
equals the dominant critical frequency of the stage with the lowest foy(dom): 

In practice, the critical frequencies interact, so these calculated values should be con- 
sidered approximations that are useful for troubleshooting or estimating the response. 
When more accuracy is required, a computer simulation is the best solution. 


Overall Bandwidth The bandwidth of a multistage amplifier is the difference between the 
overall dominant lower critical frequency and the overall dominant upper critical frequency. 


BW = Teaieny _ Fettdomy 


EXAMPLE 10-18 


Solution 


Related Problem 


In a certain 2-stage amplifier, one stage has a dominant lower critical frequency of 
850 Hz and a dominant upper critical frequency of 100 kHz. The other has a dominant 
lower critical frequency of 1 kHz and a dominant upper critical frequency of 230 kHz. 
Determine the overall bandwidth of the 2-stage amplifier. 


cn UsHz 
Weedon) = 100 kHz 
BW = Hieuidam) jae Hclgiom) = 100 kHz — 1kHz = 99kHz 


A certain 3-stage amplifier has the following dominant lower critical frequencies for 
each stage: foi(dom)(1) = 500 HZ, foi(dom)(2) = 980 labz, and foi(dom)(3) = 130 Hz. What is 
the overall dominant lower critical frequency? 


Equation 10-29 


Equation 10-30 


Equal Critical Frequencies 


When each amplifier stage in a multistage arrangement has equal dominant critical fre- 
quencies, you may think that the overall dominant critical frequency is equal to the critical 
frequency of each stage. This is not the case, however. 

When the dominant lower critical frequencies of each stage in a multistage amplifier are all 
the same, the overall dominant lower critical frequency is increased by a factor of 1/V gin — | 
as shown by the following formula (n is the number of stages in the multistage amplifier): 


Si cl(dom) 


Seidom) = aa 


When the dominant upper critical frequencies of each stage are all the same, the overall 
dominant upper critical frequency is reduced by a factor of 2'n — 1. 


Scu(dom) > Seu(dom) V ae -1 


The proofs of these formulas are given in “Derivations of Selected Equations” at 
www.pearsonhighered.com/floyd. 


EXAMPLE 10-19 


Both stages in a 2-stage amplifier have a dominant lower critical frequency of 500 Hz 
and a dominant upper critical frequency of 80 kHz. Determine the overall bandwidth. 
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f —_— fedomy _ 500Hz — 500Hz 

ea amy | 4/5 1 (0.644 
iG = jada) » 2 = Il = kHz)(0.644) = 51.5kHz 

BW = J CEE i Hiaom = 51.5kHz — 776 Hz = 50.7 kHz 


Solution = 776 Hz 


Related Problem If a third identical stage is connected in cascade to the 2-stage amplifier in this example, 
what is the resulting overall bandwidth? 


Computer Simulation for Multistage Amplifiers 


With multistage amplifiers, the detailed calculation of the frequency response is greatly 
simplified by computer simulation. There are several interactions within each stage and 
other interactions between the stages that affect the overall response. When you need more 
accuracy, a computer simulation is used. This is particularly useful in design work because 
you can change a component and see the effect immediately on the frequency response. The 
following example illustrates the application of computer analysis to a multistage amplifier. 


EXAMPLE 10-20 A de coupled two-stage amplifier is simulated with Multisim in Figure 10—48 to deter- 
mine the overall frequency response. 


XBP1 


2N3906 


at 


iE 


c3 


REZ 100uF 
470 0 


Solution The circuit was constructed in Multisim by dragging the parts needed onto the simu- 
lated workbench and connecting them. Connect the Bode plotter and adjust it to show 
the complete response curve with upper and lower critical frequencies. Figure 10-49 
shows the display. When the cursor is moved to the lower critical frequency (3 dB 
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A FIGURE 10-48 
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» FIGURE 10-49 
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below midrange), a reading of approximately 56 Hz is observed. When the cursor is 
moved to the upper critical frequency, a reading of approximately 34 MHz is observed. 


Related Problem Determine the gain of the amplifier in Figure 10-48. 


1. One stage in an amplifier has f,, = 1 kHz and the other stage has f,; = 325 Hz. What 
is the dominant lower critical frequency? 

2. Ina certain 3-stage amplifier f,(1) = 50 kHz, foy(2) = 55 kHz, and foy,(3) = 49 kHz. 
What is the dominant upper critical frequency? 

3. When more identical stages are added to a multistage amplifier with each stage 
having the same critical frequency, does the bandwidth increase or decrease? 


10—7 FREQUENCY RESPONSE MEASUREMENTS 


Two basic methods are used to measure the frequency response of an amplifier. The 
methods apply to both BJT and FET amplifiers although a BJT amplifier is used as an 
example. You will concentrate on determining the two dominant critical frequencies. 
From these values, you can get the bandwidth. 


After completing this section, you should be able to 


4 Measure the frequency response of an amplifier 
4 Analyze the case where the stages have different critical frequencies 
¢ Determine the overall bandwidth 
4 Analyze the case where the stages have equal critical frequencies 
¢ Determine the overall bandwidth 
4 Simulate a two-stage amplifier using Multisim 
4 Measure the frequency response of an amplifier 
¢ Describe a general measurement procedure 
4 Apply frequency/amplitude measurement to determine critical frequencies 
4 Use step-response measurement 
¢ Determine the upper critical frequency + Determine the lower critical frequency 


Frequency/Amplitude Measurement 


Figure 10—50(a) shows the test setup for an amplifier circuit board. The schematic for the 
circuit board is also shown. The amplifier is driven by a sinusoidal voltage source with a 
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(a) Circuit and test setup for measuring the frequency response of an amplifier 
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(b) Frequency is set to a midrange value (6.67 kHz in this case). 
Input voltage adjusted for an output of | V peak. 
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(d) Frequency is increased until the output is again 0.707 V peak. 
This is the upper critical frequency. 
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(c) Frequency is reduced until the output is 0.707 V peak. 
This is the lower critical frequency. 


A general procedure for measuring an amplifier’s frequency response. 


° 


547 


548 ¢ AMPLIFIER FREQUENCY RESPONSE 


Equation 10-31 


» FIGURE 10-51 


Measurement of the rise and fall 
times associated with the amplifier’s 
step response. The outputs are in- 
verted. 


dual-channel oscilloscope connected to the input and to the output. The input frequency is 
set to a midrange value, and its amplitude is adjusted to establish an output signal refer- 
ence level, as shown in Figure 10—50(b). This output voltage reference level for midrange 
should be set at a convenient value within the linear operation of the amplifier: for exam- 
ple, 100 mV, | V, 10 V, and so on. In this case, set the output signal to a peak value of | V. 

Next, the frequency of the input voltage is decreased until the peak value of the output 
drops to 0.707 V. The amplitude of the input voltage must be kept constant as the fre- 
quency is reduced. Readjustment may be necessary because of changes in loading of the 
voltage source with frequency. When the output is 0.707 V, the frequency is measured, and 
you have the value for f.; as indicated in Figure 10—50(c). 

Next, the input frequency is increased back up through midrange and beyond until the 
peak value of the output voltage again drops to 0.707 V. Again, the amplitude of the 
input must be kept constant as the frequency is increased. When the output is 0.707 V, 
the frequency is measured and you have the value for f,,, as indicated in Figure 10—50(d). 
From these two frequency measurements, you can find the bandwidth by the formula 


BW = Sou ~ Ser: 


Step-Response Measurement 


The lower and upper critical frequencies of an amplifier can be determined using the step- 
response method by applying a voltage step to the input of the amplifier and measuring 
the rise and fall times of the resulting output voltage. The basic test setup shown in Figure 
10—S0(a) is used except that the pulse output of the function generator is selected. The 
input step is created by the rising edge of a pulse that has a long duration compared to 
the rise and fall times to be measured. The rise time of the input pulse must be fast 
compared to the rise time you measure from the amplifier. 


High-Frequency Measurement When a step input is applied, the amplifier’s high- 
frequency RC circuits (internal capacitances) prevent the output from responding immedi- 
ately to the step input. As a result, the output voltage has a rise time (t,.) associated with it, 
as shown in Figure 10—51(a). In fact, the rise time is inversely related to the upper critical 
frequency (f.,,) of the amplifier. As f..,, becomes lower, the rise time of the output becomes 
greater. The oscilloscope display illustrates how the rise time is measured from the 10% 
amplitude point to the 90% amplitude point. The scope must be set on a short time base so 
the relatively short interval of the rise time can be accurately observed. Once this measure- 
ment is made, f..,, can be calculated with the following formula: 


0.35 
Seu = t, 

Input Input 
90% 90% 

Output 
10% 10% Output 

0.1 s/div 1 ms/div 
— typ —> 

(a) Measurement of output rise time to (b) Measurement of output fall time to 


determine the upper critical frequency determine the lower critical frequency 
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Low-Frequency Measurement ‘To determine the lower critical frequency (f,;) of the 
amplifier, the step input must be of sufficiently long duration to observe the full charging 
time of the low-frequency RC circuits (coupling capacitances), which cause the “sloping” 
of the output and which we will refer to as the fall time (¢/). This is illustrated in Figure 
10—51(b). The fall time is inversely related to the low critical frequency of the amplifier. 
As f-; becomes higher, the fall time of the output becomes less. The scope display illus- 
trates how the fall time is measured from the 90% point to the 10% point. The scope must 
be set on a long time base so the complete interval of the fall time can be observed. Once 
this measurement is made, f.; can be determined with the following formula. 
0.35 


Sai = — Equation 10-32 
ff 


The derivations of Equations 10-31 and 10-32 are in “Derivations of Selected 
Equations” at www.pearsonhighered.com/floyd. 
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Application Activity: Frequency Analysis of Audio Amplifier 


A utility company is interested in purchasing a large quantity of the PA systems that were 
developed in the Application Activities in Chapters 6 and 7. Because the company fre- 
quently works near high-voltage power lines, where 60 Hz interference is common, it has 
requested that the PA systems be designed to minimize pickup from power lines. You 
have been assigned to analyze the frequency response of the PA system and determine the 
best way to avoid the 60 Hz interference. The modified PA system will be marketed only 
for voice communication. 

The audio frequency spectrum is defined to be the range of frequencies from 20 Hz to 
20 kHz. However, the range of frequencies of the human voice is generally accepted to be 
between 300 Hz and 3 kHz. Based on this, the audio amplifier is to be redesigned for a 
300 Hz + 10% cutoff (critical) frequency in order to minimize the 60 Hz interference. 
The utility company has requested that the gain at 60 Hz should be down by a minimum 
of —20 dB from the midrange gain for the units it is purchasing. The high-frequency 
response of the amplifier is no concern at this point, as long as it is greater than approxi- 
mately 3 kHz. 

The original audio amplifier, shown in Figure 10-52 and in the simulation of Figure 
10-53, has a dominant lower critical frequency of 16 Hz as indicated on the Bode plotter 
in Figure 10—53(c). In order to meet the new specification for a lower critical frequency 
of 300 Hz, the amplifier must be modified with lower capacitance values. 
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FIGURE 10-52 


The audio preamplifier with original te Vv 
capacitor values. 
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A frequency analysis of the original amplifier is as follows. For the Q, stage, the input 
circuit consists of C, and R; || Ro || Back. r is neglected. The critical frequency is (assum- 
ing Bac = 100) 

1 1 
2m(R1||Rol| BacRaC,  277(62.3kO.)10 uF 


The bypass circuit consists of Cy and 


R,|| Ro||R 
(x, i ( il 9 Il sare R3 = Ry 
Bee 


The expression reduces to approximately R4 because Ryoy;c¢e is assumed to be 300 O 
(microphone impedance) and R3 is much greater than R4. 
f he, 1 g 1 
cKbypass) RC) 27(1kO)10 pF 
The output circuit consists of C; and Rs + R6||R7|| Bac(Ro + Rio). r, is neglected. 
Assuming that R19 is set at 1 kO, 
f 1 1 
Coup)“ Qar(Rs + Rol R7|| BaclRo + Rio))C3 247BS.2kO)10 wF 
For the Q> stage, the input circuit is the same as the output circuit of the Q, stage. 
1 1 
2m(Rs + Ro||R7|| BacRo + Rio))C3 — 277(35.2kO)10 wF 
The bypass circuit consists of Cy and approximately Ro + Rig + (Ro|| R7)/ Bac: The 
resistance is partially dependent on the setting of Rj). We will assume that the gain 
setting is such that Rj has negligible effect on the frequency. 
f * 1 - 1 
ee) Ro || Ro 277(280 1)100 wF 
Dag|| Ia tk ——— En 


ac 


Seiinput) ae = 0.255 Hz 


= 15.9Hz 


= 0.452 Hz 


Selinput) 7 = 0.452 Hz 


= 5.68 Hz 


The output circuit consists of Cs and Rg + R;. The load is the 29 kQ. input resistance of 
the power amplifier. 


1 1 
Fetiouput Qm(Rg + Ry)Cs — 277(35.8k0)10 pF 


= 0.445 Hz 
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The dominant critical frequency of the amplifier is established by the Q; stage bypass 
circuit and is f-1(pypass) = 15.9 Hz, which is in very close agreement with the simulation. 


Simulation of Original Circuit 


The Multisim preamp with the original capacitor values is shown in Figure 10—53(a). 
A Bode plotter is connected to measure the frequency response. Figure 10—53(b) 
shows the logarithmic response curve with a midrange gain at 5 kHz of 33.3 dB. 
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Preamp frequency response with original capacitor values. 
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Moving the Bode plotter cursor down until the gain is approximately 3 dB below 
midrange, or 30.3 dB, results in a lower critical frequency of 16 Hz at this gain setting 
(note that there is a small effect on the response for different gains due to a different 
path for C4 to charge and discharge). This verifies that the response of the preamp 
includes the potentially troublesome 60 Hz interference. 


Modification to Increase the Overall Lower Critical Frequency 


Capacitor values must be reduced to achieve a critical frequency of 300 Hz + 10%. The 
approach, in this case, will be to use C; and C3 to set the new dominant critical frequency. 
C> and Cs; will be used to produce a faster roll-off below 60 Hz. C4 will be left at 100 wF 
to avoid a change in frequency response when the gain is changed. 

C| is part of the stage 1 input circuit, and C3 is part of the stage 2 input circuit. These 
capacitor values will determine the proper dominant lower critical frequencies required to 
achieve an overall dominant critical frequency of 300 Hz. 


Multistage Frequency Response When the lower critical frequencies of each stage are 
equal, Equation 10-29 applies. The overall dominant lower critical frequency, foyqom), iS 
300 Hz. Solving the equation for the dominant lower critical frequency of each stage, 


ie cl(dom)> you get 
feidom) = FeudomyV 2? — 1) = 300 HzV(.414 — 1) = 300 H2(0.643) = 193 Hz 


Setting the dominant critical frequency of both stages of the amplifier to 193 Hz will pro- 
duce an overall dominant lower critical frequency of 300 Hz. Using the frequency analy- 
sis that was done for the original circuit as a guide, do the following calculations. 


1. Calculate the value of C; to produce a lower critical frequency of 193 Hz. 
2. Calculate the value of C3 to produce a lower critical frequency of 193 Hz. 


The results of your calculation should agree with the values shown in Figure 10-54. The 
value for C> is the next lower available value in Multisim. 

The Multisim circuit with reduced capacitor values is shown in Figure 10—54(a). As 
you can see in part (c), the new critical frequency is 276.604 Hz, which is within the 
specified 10% tolerance of 300 Hz. The gain is 9.744 dB for a frequency near 60 Hz with 
the volume setting at 85%, as shown in part (d). 


3. From the Bode plots in Figure 10-54, determine how much the gain at 60 Hz is 
down from the midrange gain. 


with the Bode plotter. 


it Simulate the preamp circuit using your Multisim software. Observe the operation 


Prototyping and Testing 


Now that the revised circuit has been simulated and its operation verified, the modifications 
are made to the circuit and it is constructed and tested. After the circuit is successfully 
tested on a protoboard, it is ready to be finalized on a printed circuit board. 


Lab Experiment 


To build and test a similar circuit, go to Experiment 10 in your lab manual (Laboratory 
Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Circuit Board 
The capacitor values on the preamp circuit board are changed and the board is tested at 
5 kHz and at 60 Hz using an oscilloscope, as shown in Figure 10-55. 


4. What is the measured rms output voltage at 5 kHz in Figure 10-55? 
5. What is the measured rms output voltage at 60 Hz in Figure 10-55? 


(a) Circuit screen with reduced capacitor values 
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(c) f. is 276.604 Hz at 30.431 dB (-3 dB) 


Mode 


tvtagnitude Phase 


Horizontal ‘Vertical 

[tog _un_{| [ leg _tn_| 
Fiz -t4kHe | F[60 [48 
if He |, [40 | dB 


Controls 


Reverse 


(d) At 60.067 Hz the gain is 9.744 dB (down 23.7 dB) 


A FIGURE 10-54 


Preamp frequency response with reduced capacitor values. 
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6. What would be the approximate rms amplitude of the output waveform at 
300 Hz? 
7. Based on the oscilloscope measurement in Figure 10-55, express the voltage gain 
at 5 kHz in dB. 
8. Based on the oscilloscope measurement in Figure 10—55, express the voltage gain 
at 60 Hz in dB. 
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FIGURE 10-55 
Frequency test of new preamp board using an oscilloscope. 
SUMMARY 
Section 10-1 The coupling and bypass capacitors of an amplifier affect the low-frequency response. 
The internal transistor capacitances affect the high-frequency response. 
Section 10-2 The decibel is a logarithmic unit of measurement for power gain and voltage gain. 


A decrease in voltage gain to 70.7% of midrange value is a reduction of 3 dB. 
A halving of the voltage gain corresponds to a reduction of 6 dB. 


The dBm is a unit for measuring power levels referenced to 1 mW. 


_ KEY TERMS 


Section 10-3 


Section 10-4 


Section 10-5 


Section 10-6 
Section 10-7 


_ KEY FORMULAS 
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® Critical frequencies are values of frequency at which the RC circuits reduce the voltage gain to 
70.7% of its midrange value. 


® Each RC circuit causes the gain to drop at a rate of 20 dB/decade. 


® For the low-frequency RC circuits, the highest critical frequency is the dominant critical 
frequency. 


® A decade of frequency change is a ten-times change (increase or decrease). 
® An octave of frequency change is a two-times change (increase or decrease). 


® For the high-frequency RC circuits, the lowest critical frequency is the dominant critical 
frequency. 


® The bandwidth of an amplifier is the range of frequencies between the dominant lower critical 
frequency and the dominant upper critical frequency. 


® The gain-bandwidth product is a transistor parameter that is constant and equal to the unity-gain 
frequency. 


® The dominant critical frequencies of a multistage amplifier establish the bandwidth. 


® Two frequency response measurement methods are frequency/amplitude and step. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 
Bandwidth The characteristic of certain types of electronic circuits that specifies the usable range 
of frequencies that pass from input to output. 


Bode plot An idealized graph of the gain in dB versus frequency used to graphically illustrate the 
response of an amplifier or filter. 


Critical frequency The frequency at which the response of an amplifier or filter is 3 dB less than 
at midrange. 


Decade A ten-times increase or decrease in the value of a quantity such as frequency. 
Decibel 


Midrange gain The gain that occurs for the range of frequencies between the lower and upper crit- 
ical frequencies. 


A logarithmic measure of the ratio of one power to another or one voltage to another. 


Roll-off The rate of decrease in the gain of an amplifier above or below the critical frequencies. 


Miller’s Theorem 


10-1 Cinmitler) = C(Ay + 1) Miller input capacitance, where C = Cp, or Cgq 
Ay +1 
10-2 Cout(Miller) = C ( Fr ) Miller output capacitance, where C = Cp, or Cog 
v 
The Decibel 
10-3 Apap) = 10log A, Power gain in decibels 
10-4 Ayap) = 20log A, Voltage gain in decibels 


BJT Amplifier Low-Frequency Response 
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Xx 
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FET Amplifier Low-Frequency Response 
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BJT Amplifier High-Frequency Response 
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FET Amplifier High-Frequency Response 
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Upper critical frequency, input RC circuit 


Phase angle, input RC circuit 
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Measurement Techniques 


0.35 
10-31) fay = Upper critical frequency 
r 
0.35 
10-32 fy = ee Lower critical frequency 
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Answers can be found at www.pearsonhighered.com/floyd. 
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. Coupling capacitors in an amplifier determine the low-frequency response. 
. Bypass capacitors in an amplifier determine the high-frequency response. 
. Internal transistor capacitance has no effect on an amplifier’s frequency response. 


. Miller’s theorem states that both gain and internal capacitances influence high-frequency response. 


The midrange gain is between the upper and lower critical frequencies. 


. The critical frequency is where the gain is 6 dB less than the midrange gain. 


dBm is a unit for measuring power levels. 


. A ten-times change in frequency is called a decade. 

. An octave corresponds to a doubling or halving of the frequency. 

. The input and output RC circuits have no effect on the frequency response. 

. A Bode plot shows the voltage gain versus frequency on a logarithmic scale. 


. Phase shift is part of an amplifier’s frequency response. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


If the value of Ry in Figure 10-8 is increased, the signal voltage at the base will 


(a) increase (b) decrease (c) not change 


. If the value of C, in Figure 10—27 is decreased, the critical frequency associated with the input 


circuit will 


(a) increase (b) decrease (c) not change 


. If the value of R; in Figure 10-27 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the value of Rc in Figure 10—27 is decreased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If Vcc in Figure 10—34 is increased, the dc emitter voltage will 


(a) increase (b) decrease (c) not change 


. If the transistor in Figure 10—34 is replaced with one having a higher B,,, the critical 


frequency will 


(a) increase (b) decrease (c) not change 

7. If the transistor in Figure 10-34 is replaced with one having a lower £,,, the midrange voltage 
gain will 
(a) increase (b) decrease (c) not change 

8. If the value of Rp in Figure 10—42 is increased, the voltage gain will 
(a) increase (b) decrease (c) not change 

9. If the value of R; in Figure 10—42 is increased, the critical frequency will 
(a) increase (b) decrease (c) not change 

10. If the FET in Figure 10—42 is replaced with one having a higher g,», the critical frequency will 


(a) increase (b) decrease (c) not change 
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[SEtenestT 
Section 10-1 


Section 10-2 


Section 10-3 


Section 10-4 


Section 10-5 
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1. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


The low-frequency response of an amplifier is determined in part by 
(a) the voltage gain (b) the type of transistor 
(c) the supply voltage (d) the coupling capacitors 


. The high-frequency response of an amplifier is determined in part by 


(a) the gain-bandwidth product (b) the bypass capacitor 


(c) the internal transistor capacitances (d) the roll-off 


. The Miller input capacitance of an amplifier is dependent, in part, on 


(a) the input coupling capacitor (b) the voltage gain 
(c) the bypass capacitor (d) none of these 


. The decibel is used to express 


(a) power gain (b) voltage gain (c) attenuation (d) all of these 


. When the voltage gain is 70.7% of its midrange value, it is said to be 


(a) attenuated (b) down 6 dB (c) down 3 dB (d) down 1 dB 


. In an amplifier, the gain that occurs between the lower and upper critical frequencies is 


called the 
(a) critical gain (b) midrange gain (c) bandwidth gain (d) decibel gain 


. Acertain amplifier has a voltage gain of 100 at midrange. If the gain decreases by 6 dB, it is 


equal to 
(a) 50 (b) 70.7 (c) 0 (d) 20 


. The gain of a certain amplifier decreases by 6 dB when the frequency is reduced from 1 kHz to 


10 Hz. The roll-off is 
(a) —3 dB/decade (b) —6 dB/decade (c) —3 dB/octave (d) —6dB/octave 


. The gain of a particular amplifier at a given frequency decreases by 6 dB when the frequency is 


doubled. The roll-off is 

(a) —12 dB/decade (b) —20 dB/decade (c) —6 dB/octave (d) answers (b) and (c) 
The lower critical frequency of a direct-coupled amplifier with no bypass capacitor is 

(a) variable (b) 0 Hz (c) dependent on the bias (d) none of these 


At the upper critical frequency, the peak output voltage of a certain amplifier is 10 V. The peak 
voltage in the midrange of the amplifier is 


(a) 7.07 V (b) 6.37 V (c) 14.14 V (d) 10 V 

The high-frequency response of an amplifier is determined by the 

(a) coupling capacitors (b) bias circuit 

(c) transistor capacitances (d) all of these 

The Miller input and output capacitances for a BJT inverting amplifier depend on 
(a) Ch. (b) Bac (c) A, (d) answers (a) and (c) 

The bandwidth of an amplifier is determined by 

(a) the midrange gain (b) the critical frequencies 

(c) the roll-off rate (d) the input capacitance 


An amplifier has the following critical frequencies: 1.2 kHz, 950 Hz, 8 kHz, and 8.5 kHz. The 
bandwidth is 


(a) 7550 Hz (b) 7300 Hz (c) 6800 Hz (d) 7050 Hz 
Ideally, the midrange gain of an amplifier 

(a) increases with frequency 

(b) decreases with frequency 

(c) remains constant with frequency 


(d) depends on the coupling capacitors 


17. 


18. 


19. 


20. 


Section 10-6 21. 


22. 


Section 10-7 23. 
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The frequency at which an amplifier’s gain is | is called the 

(a) unity-gain frequency (b) midrange frequency 

(c) corner frequency (d) break frequency 

When the voltage gain of an amplifier is increased, the bandwidth 

(a) is not affected (b) increases (c) decreases (d) becomes distorted 


If the fr of the transistor used in a certain amplifier is 75 MHz and the bandwidth is 10 MHz, 
the voltage gain must be 


(a) 750 (b) 7.5 (c) 10 (d) 1 


In the midrange of an amplifier’s bandwidth, the peak output voltage is 6 V. At the lower criti- 
cal frequency, the peak output voltage is 


(a) 3V (b) 3.82 V (c) 8.48 V (d) 4.24 V 

The dominant lower critical frequency of a multistage amplifier is the 

(a) lowest f.; (b) highest f. (c) average of all the f,,’s (d) none of these 

When the critical frequencies of all of the stages are the same, the dominant critical frequency is 
(a) higher than any individual f.; (b) lower than any individual f,; 

(c) equal to the individual f,.;’s (d) the sum of all individual f.;’s 

In the step response of a noninverting amplifier, a longer rise time means 

(a) a narrower bandwidth (b) a lower fi 

(c) ahigher f,,, (d) answers (a) and (b) 


PROB LEMS Answers to all odd-numbered problems are at the end of the book. 
BASIC PROBLEMS 


Section 10-1 _ Basic Concepts 


1, 


>» FIGURE 10-56 


Multisim file circuits are identified 
with a logo and are in the Problems 
folder on the companion website. 
Filenames correspond to figure 
numbers (e.g., F10-56). 


Vin 


In a capacitively coupled amplifier, the input coupling capacitor and the output coupling capac- 
itor form two of the circuits (along with the respective resistances) that determine the low- fre- 
quency response. Assuming that the input and output impedances are the same and neglecting 
the bypass circuit, which circuit will first cause the gain to drop from its midrange value as the 
frequency is lowered? 


. Explain why the coupling capacitors do not have a significant effect on gain at sufficiently 


high-signal frequencies. 


. List the capacitances that affect high-frequency gain in both BJT and FET amplifiers. 


. In the amplifier of Figure 10—56, list the capacitances that affect the low-frequency response of 


the amplifier and those that affect the high-frequency response. 
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5. Determine the Miller input capacitance in Figure 10-56. 
6. Determine the Miller output capacitance in Figure 10-56. 


7. Determine the Miller input and output capacitances for the amplifier in Figure 10-57. 


+10V 
? Ciss = 10 pF 
Crss =3 pF 
S10K0 Iggy = 18 nA @ Vps =-10 V 
0.001 WF 
e Megs Ves(ott) =-8V 
bf | O- Ipgs = 10 mA 


| 
10 kO 
S10k0 Ti 0.1 uF 


Vin 10 MQ 


A FIGURE 10-57 


Section 10-2 The Decibel 


8. A certain amplifier exhibits an output power of 5 W with an input power of 0.5 W. What is the 
power gain in dB? 

9. If the output voltage of an amplifier is 1.2 V rms and its voltage gain is 50, what is the rms 
input voltage? What is the gain in dB? 


10. The midrange voltage gain of a certain amplifier is 65. At a certain frequency beyond 
midrange, the gain drops to 25. What is the gain reduction in dB? 


11. What are the dBm values corresponding to the following power values? 
(a) 2 mW (b) 1 mW (c) 4mW (d) 0.25 mW 


12. Express the midrange voltage gain of the amplifier in Figure 10-56 in decibels. Also express 
the voltage gain in dB for the critical frequencies. 


Section 10-3 Low-Frequency Amplifier Response 


13. Determine the critical frequencies of each RC circuit in Figure 10-58. 


5 uF 0.1 uF 


am am 


(a) 
A FIGURE 10-58 


14. Determine the critical frequencies associated with the low-frequency response of the BJT 
amplifier in Figure 10-59. Which is the dominant critical frequency? Sketch the Bode plot. 


15. Determine the voltage gain of the amplifier in Figure 10—59 at one-tenth of the dominant 
critical frequency, at the dominant critical frequency, and at ten times the dominant critical 
frequency for the low-frequency response. 


16. Determine the phase shift at each of the frequencies used in Problem 15. 


Section 10-4 


Section 10-5 
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» FIGURE 10-59 Vi 
oc Boc = Bac = 125 
° Cye= 25 pF 
a J Che = 10 pF 
Ro 
R, = 6 Gy 


17. 


18. 


a al 
Ry = Re a 


Vin 4.7kO, 100 0 10 uF 


Determine the critical frequencies associated with the low-frequency response of the FET am- 
plifier in Figure 10—60. Indicate the dominant critical frequency and draw the Bode plot. 


Find the voltage gain of the amplifier in Figure 10—60 at the following frequencies: f.., 0.1f,, 
and 10f., where f. is the dominant critical frequency. 


Vpp 
+15 V 
Ciss =10 pF 
Criss = 4 pF 
Igss = 50 nA @ Vgg =-10V 
0.005 UF 
560.0 ie Vout Vasvott) =-6V 
| Ings = 15 mA 
0.005 pF 
R, 
R, 10k0 
600 0 
Rg = 
V 10 MQ 


A FIGURE 10-60 


High-Frequency Amplifier Response 


19. 


20. 


21. 


22. 


Determine the critical frequencies associated with the high-frequency response of the amplifier 
in Figure 10-59. Identify the dominant critical frequency and sketch the Bode plot. 


Determine the voltage gain of the amplifier in Figure 10—59 at the following frequencies: 0.1f., 
te, 10f,, and 100f., where f,. is the dominant critical frequency in the high-frequency response. 
The datasheet for the FET in Figure 10-60 gives C,,, = 4 pF and C;;,= 10 pF. Determine the 


critical frequencies associated with the high-frequency response of the amplifier, and indicate 
the dominant frequency. 


Determine the voltage gain in dB and the phase shift at each of the following multiples of the dom- 
inant critical frequency in Figure 10—60 for the high-frequency response: 0.1f,, f., LOf., and 1O0f.. 


Total Amplifier Frequency Response 


23. 


24. 


A particular amplifier has the following low critical frequencies: 25 Hz, 42 Hz, and 136 Hz. It 
also has high critical frequencies of 8 kHz and 20 kHz. Determine the upper and lower critical 
frequencies. 


Determine the bandwidth of the amplifier in Figure 10-59. 


25. fr = 200 MHz is taken from the datasheet of a transistor used in a certain amplifier. If the 


midrange gain is determined to be 38 and if f,; is low enough to be neglected compared to f.,,, 
what bandwidth would you expect? What value of f.,, would you expect? 
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» FIGURE 10-61 


Section 10-6 


Section 10-7 


26. 


If the midrange gain of a given amplifier is 50 dB and therefore 47 dB at f,,,, how much gain is 
there at 2f,,,? At 4f,,,? At 10f.,,? 


Frequency Response of Multistage Amplifiers 


27. 


28. 


29. 


30. 


31. 


In a certain two-stage amplifier, the first stage has critical frequencies of 230 Hz and 1.2 MHz. 
The second stage has critical frequencies of 195 Hz and 2 MHz. What are the dominant critical 
frequencies? 


What is the bandwidth of the two-stage amplifier in Problem 27? 


Determine the bandwidth of a two-stage amplifier in which each stage has a lower critical 
frequency of 400 Hz and an upper critical frequency of 800 kHz. 


What is the dominant lower critical frequency of a three-stage amplifier in which f.; = 50 Hz 
for each stage. 


In a certain two-stage amplifier, the lower critical frequencies are f,y(1) = 125 Hz and f.1(2) = 
125 Hz, and the upper critical frequencies are 1) = 3 MHz and f..2) = 2.5 MHz. Determine 
the bandwidth. 


Frequency Response Measurements 


32. 
33. 


34. 


In a step-response test of a certain amplifier, t,= 20 ns and tp= 1 ms. Determine f, and f,,. 


Suppose you are measuring the frequency response of an amplifier with a signal source and an 
oscilloscope. Assume that the signal level and frequency are set such that the oscilloscope indi- 
cates an output voltage level of 5 V rms in the midrange of the amplifier’s response. If you 
wish to determine the upper critical frequency, indicate what you would do and what scope in- 
dication you would look for. 


Determine the approximate bandwidth of an amplifier from the indicated results of the step- 
response test in Figure 10-61. 


5 us/div 0.1 ms/div 


APPLICATION ACTIVITY PROBLEMS 


35. 


36. 
37. 


38. 


Determine the dominant lower critical frequency for the amplifier in Figure 10—52 if the cou- 
pling capacitors are changed to 1 wF. Assume Ry = 29kQ, and Bae = 100. 


Does the change in Problem 35 significantly affect the overall bandwidth? 


How does a change from 29 kQ. to 100 kQ in load resistance on the final output of the ampli- 
fier in Figure 10-52 affect the dominant lower critical frequency? 


If the transistors in the modified preamp in the Application Activity have a By, of 300, deter- 
mine the effect on the dominant lower critical frequency. 


DATASHEET PROBLEMS 


39. 


40. 


41. 


Referring to the partial datasheet for a 2N3904 in Figure 10—62, determine the total input ca- 
pacitance for an amplifier if the voltage gain is 25. 


A certain amplifier uses a 2N3904 and has a midrange voltage gain of 50. Referring to the 
partial datasheet in Figure 10—62, determine its minimum bandwidth. 


The datasheet for a 2N4351 MOSFET specifies the maximum values of internal capacitances 
as follows: Cjs; = 5 pF, C;ss = 1.3 pF, and Caisyp) = 5 pF. Determine Cyg, Cys, and Cys. 
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E lectrical Cc hara cte ri sti cs T, = 25°C unless otherwise noted 


Symbol Test Conditions Min 


OFF CHARACTERISTICS 


Collector-Emitter Breakdown Ic = 1.0 mA, lg = 0 
Voltage 
V(BR)cBO Collector-Base Breakdown Voltage Ic = 10 WA, le = 0 


V(BR)EBO Emitter-Base Breakdown Voltage le = 10 pA, Ic =0 
let Base Cutoff Current Voce = 30 V, Veg = 3V 
Icex Collector Cutoff Current Voce = 30 V, Veg = 3V 


ON CHARACTERISTICS* 


DC Current Gain Io = 0.1 mA, Vce = 1.0 V 
Io = 1.0 mA, Voge = 1.0 V 
Ic = 10 mA, Vee = 1.0 V 
Io = 50 mA, Vee = 1.0 V 
Io = 100 MA, Vee = 1.0 V 
Voce (sat) Collector-Emitter Saturation Voltage lo = 10 mA, Ig = 1.0 mA 


Ic = 50 mA, Ip = 5.0 mA 
Vee (sat) Base-Emitter Saturation Voltage Ic = 10 mA, Ip = 1.0 MA 
Io = 50 mA, Ip = 5.0 mA 


SMALL SIGNAL CHARACTERISTICS 


Current Gain - Bandwidth Product Ic = 10 mA, Vce = 20 V, 
f = 100 MHz 
Output Capacitance Vcp = 5.0 V, le = 0, 
f= 1.0 MHz 
Input Capacitance Ves = 0.5 V, Ic = 0, 
f= 1.0 MHz 
Noise Figure Ic = 100 WA, Vce = 5.0 V, 
Rs =1.0k0,,f=10 Hz to 15.7kHz 
SWITCHING CHARACTERISTICS 
Delay Time Voc = 3.0 V, Vee = 0.5 V, 
Rise Time Io = 10 mA, Ip; = 1.0 MA 


Storage Time Voc = 3.0 V, Ie = 10MA 
Fall Time Ip1 = Igo = 1.0 MA 


A FIGURE 10-62 
Partial datasheet for the 2N3904. Copyright Fairchild Semiconductor Corporation. Used by permission. 


ADVANCED PROBLEMS 


42. Two single-stage capacitively coupled amplifiers like the one in Figure 10-56 are connected as 
a two-stage amplifier (R, is removed from the first stage). Determine whether or not this con- 
figuration will operate as a linear amplifier with an input voltage of 10 mV rms. If not, modify 
the design to achieve maximum gain without distortion. 


43. Two stages of the amplifier in Figure 10—60 are connected in cascade. Determine the overall 
bandwidth. 


44. Redesign the amplifier in Figure 10—52 for an adjustable voltage gain of 50 to 500 and a lower 
critical frequency of 1 kHz. 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the companion website. 
45. Open file TSP10-45 and determine the fault. 

46. Open file TSP10-46 and determine the fault. 

47. Open file TSP10-47 and determine the fault. 

48. Open file TSP10-48 and determine the fault. 


11-1 The Four-Layer Diode 

11-2 The Silicon-Controlled Rectifier (SCR) 

11-3 SCR Applications 

11-4 _ The Diac and Triac 

11-5 The Silicon-Controlled Switch (SCS) 

11-6 The Unijunction Transistor (UJT) 

11-7 The Programmable Unijunction Transistor (PUT) 
Application Activity 


Describe the basic structure and operation of a 4-layer 
diode 


Describe the basic structure and operation of an SCR 
Discuss several SCR applications 


Describe the basic structure and operation of the diac 
and triac 


Describe a silicon-controlled switch (SCS) 


Describe the basic structure and operation of the unijunc- 
tion transistor 


Describe the basic structure and operation of the pro- 
grammable UJT 


4-layer diode @ Diac 
Thyristor ¢ Triac 
Forward-breakover @ SCS 
voltage (Ver) @ UST 
Holding current (I) @ Standoff ratio 
SCR PUT 


LASCR 


The Application Activity in this chapter is a motor speed- 
control system for a production line conveyor. The system 
senses the number of parts passing a point in a specified 
period of time and adjusts the rate of movement of the 
conveyor belt to achieve a desired rate of flow of the parts. 
The focus is on the conveyor motor speed-control circuit. 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


In this chapter, several types of semiconductor devices are 
introduced. A family of devices known as thyristors are con- 
structed of four semiconductor layers (pnpn). Thyristors in- 
clude the 4-layer diode, the silicon-controlled rectifier (SCR), 
the diac, the triac, and the silicon-controlled switch (SCS). 
These types of thyristors share certain common characteris- 
tics in addition to their four-layer construction. They act as 
open circuits capable of withstanding a certain rated voltage 
until they are triggered. When triggered, they turn on and 
become low-resistance current paths and remain so, even 
after the trigger is removed, until the current is reduced to a 
certain level or until they are triggered off, depending on the 
type of device. Thyristors can be used to control the amount 
of ac power to a load and are used in lamp dimmers, motor 
speed controls, ignition systems, and charging circuits, to 
name a few. 

Other devices described in this chapter include the uni- 
junction transistor (UJT) and the programmable unijunction 
transistor (PUT). UJTs and PUTs are used as trigger devices 
for thyristors and also in oscillators and timing circuits. 
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11-1 THE Four-LAYER DIODE 


The basic thyristor is a 4-layer device with two terminals, the anode and the 
cathode. It is constructed of four semiconductor layers that form a pnpn structure. 
The device acts as a switch and remains off until the forward voltage reaches a 
certain value; then it turns on and conducts. Conduction continues until the 
current is reduced below a specified value. Although the 4-layer diode is seldom 
used in new designs, the principles form the basis of other thyristors that you 
will study. 


After completing this section, you should be able to 


Shockley Diode 


The 4-layer diode (also known as Shockley diode and SUS) is a type of thyristor, which 
is a class of devices constructed of four semiconductor layers. The basic construction of a 
4-layer diode and its schematic symbol are shown in Figure 11-1. 

The pnpn structure can be represented by an equivalent circuit consisting of a pnp tran- 
sistor and an npn transistor, as shown in Figure 11—2(a). The upper pnp layers form Q; and 
the lower npn layers form Q>, with the two middle layers shared by both equivalent transis- 
tors. Notice that the base-emitter junction of Q; corresponds to pn junction | in Figure 11-1, 
the base-emitter junction of Q> corresponds to pn junction 3, and the base-collector 
junctions of both Q; and Q> correspond to pn junction 2. 

When a positive bias voltage is applied to the anode with respect to the cathode, as 
shown in Figure 1 1—2(b), the base-emitter junctions of Q; and Q> (pn junctions | and 3 in 
Figure 11—1(a)) are forward-biased, and the common base-collector junction ( pn junction 
2 in Figure 11—1(a)) is reverse-biased. 


Anode 
O 


pn junction 1 
| Anode (A) A 


ei 
Y 
es 


3 
| Cathode (K) K Cuthode a 


pn junction 3 Ko 


(a) Basic construction 


A FIGURE 11-1 


(b) Schematic symbol 


The 4-layer diode. 


(a) (b) 
A FIGURE 11-2 


A layer diode equivalent circuit. 
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HISTORY NOTE 


The currents in a 4-layer diode are shown in the equivalent circuit in Figure 11-3. At 
low-bias levels, there is very little anode current, and thus it is in the off state or forward- 
blocking region. 


> FIGURE 11-3 


Currents in a 4-layer diode 


AO 
fis = Tey 
equivalent circuit. 


Forward-Breakover Voltage The operation of the 4-layer diode may seem unusual be- 
cause when it is forward-biased, it can act essentially as an open switch. There is a region 
of forward bias, called the forward-blocking region, in which the device has a very high 
forward resistance (ideally an open) and is in the off state. The forward-blocking region ex- 
ists from Vax = 0 V up toa value of Vax called the forward-breakover voltage, Vgc). 
This is indicated on the 4-layer diode characteristic curve in Figure 11—4. 


> FIGURE 11-4 Ix 


A 4-layer diode characteristic curve. 
+ Forward- 


conduction 
On region 
Ty | 
‘i “Off | +—— Forward- 


> Vax blocking 


® VBR) region 


As Vax is increased from 0, the anode current, J,, gradually increases, as shown on the 
graph. As J, increases, a point is reached where J, = Is, the switching current. At this 
point, Vax = Vgr@), and the internal transistor structures become saturated. When this 
happens, the forward voltage drop, Vax, suddenly decreases to a low value, and the 4-layer 
diode enters the forward-conduction region as indicated in Figure 11—4. Now, the device is 
in the on state and acts as a closed switch. When the anode current drops back below the 
holding value, Jy, the device turns off. 


Holding Current Once the 4-layer diode is conducting (in the on state), it will continue 
to conduct until the anode current is reduced below a specified level, called the holding 
current, Iq. This parameter is also indicated on the characteristic curve in Figure 11—4. 
When J, falls below [y, the device rapidly switches back to the off state and enters the 
forward-blocking region. 


Switching Current The value of the anode current at the point where the device 
switches from the forward-blocking region (off) to the forward-conduction region (on) is 
called the switching current, Js. This value of current is always less than the holding 
current, Jy. 
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EXAMPLE 11-1 A certain 4-layer diode is biased in the forward-blocking region with an anode-to- 
cathode voltage of 20 V. Under this bias condition, the anode current is 1 wA. 
Determine the resistance of the diode in the forward-blocking region. 


Solution The resistance is 


War 20 


Ring 20 MO 


In 1pA 


Related Problem If the anode current is 2 uA and Vax = 20 V, what is the 4-layer diode’s resistance in 


the forward-blocking region? 


“Answers can be found at www.pearsonhighered.com/floyd. 


EXAMPLE 11-2 Determine the value of anode current in Figure 11—5 when the device is on. Vgr(r) = 


10 V. Assume the forward voltage drop is 0.9 V. 


® FIGURE 11-5 


1.0kO 


Solution The voltage at the anode, Va, is 0.9. The voltage across Rg is 


Veias 
20 V 


Vrs = Veras = Va — ONES 0ONV = 1951 V 


The anode current is 


Vee 19.1 V 
Rs 1.0kQ 


i= 


= 19.1mA 


Related Problem What is the resistance in the forward-conduction region of the 4-layer diode in 


Figure 11-5? 


An Application 


The circuit in Figure | 1—6(a) is a relaxation oscillator. The operation is as follows. When 
the switch is closed, the capacitor charges through R until its voltage reaches the forward- 
breakover voltage of the 4-layer diode. At this point the diode switches into conduction, 
and the capacitor rapidly discharges through the diode. Discharging continues until the 
current through the diode falls below the holding value. At this point, the diode switches 
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yo 


A FIGURE 11-6 


A 4layer diode relaxation oscillator. 


back to the off state, and the capacitor begins to charge again. The result of this action is a 
voltage waveform across C like that shown in Figure 11—6(b). 


-layer diode classified as a thyristor? 
. forward-blocking region? 
when the anode-to-cathode voltage exceeds the forward-breakover 


how can the 4-layer diode be turned off? 


11-2 THE SILICON-CONTROLLED RECTIFIER (SCR) 


Like the 4-layer diode, the SCR has two possible states of operation. In the off state, it 
acts ideally as an open circuit between the anode and the cathode; actually, rather than 
an open, there is a very high resistance. In the on state, the SCR acts ideally as a short 
from the anode to the cathode; actually, there is a small on (forward) resistance. The 
LASCR operates as an SCR except it is triggered by light. 


After completing this section, you should be able to 
» Describe the basic structure and operation of an SCR 


An SCR (silicon-controlled rectifier) is a 4-layer pnpn device similar to the 4-layer 
diode except with three terminals: anode, cathode, and gate. The basic structure of an SCR 
is shown in Figure 1 1—7(a), and the schematic symbol is shown in Figure | 1—7(b). Typical 
SCR packages are shown in Figure | 1—7(c). Other types of thyristors are found in the same 
or similar packages. 
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Anode (A) A 


Cate ( OC O— 


Cathode (K) K 


(a) Basic construction (b) Schematic symbol 


(c) Typical packages 


SCR Equivalent Circuit 


Like the 4-layer diode operation, the SCR operation can best be understood by thinking of 
its internal pnpn structure as a two-transistor arrangement, as shown in Figure 11-8. This 
structure is like that of the 4-layer diode except for the gate connection. The upper pnp layers 
act as a transistor, Q;, and the lower npn layers act as a transistor, Q7. Again, notice that the 
two middle layers are “shared.” 


Anode -<@ FIGURE 11-8 


SCR equivalent circuit. 


Gate Q) 


Cathode 


Turning the SCR On 


When the gate current, Jc, is zero, as shown in Figure 1 1—9(a), the device acts as a 4-layer 
diode in the off state. In this state, the very high resistance between the anode and cathode 
can be approximated by an open switch, as indicated. When a positive pulse of current 
(trigger) is applied to the gate, both transistors turn on (the anode must be more positive 
than the cathode). This action is shown in Figure 11—9(b). J. turns on Qo, providing a 
path for /g,; out of the Q> collector, thus turning on Q,. The collector current of Q; provides 


<@ FIGURE 11-7 


The silicon-controlled rectifier (SCR). 
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(a) SCR off 


(b) SCR triggered on (c) SCR stays on after trigger pulse 
A FIGURE 11-9 


The SCR turn-on process with the switch equivalents shown. 


additional base current for Q» so that Q» stays in conduction after the trigger pulse is re- 
moved from the gate. By this regenerative action, Q> sustains the saturated conduction of 
Q, by providing a path for Jp); in turn, Q sustains the saturated conduction of Q> by pro- 
viding Igo. Thus, the device stays on (latches) once it is triggered on, as shown in Figure 
11-9(c). In this state, the very low resistance between the anode and cathode can be ap- 
proximated by a closed switch, as indicated. 

Like the 4-layer diode, an SCR can also be turned on without gate triggering by increas- 
ing the anode-to-cathode voltage to a value exceeding the forward-breakover voltage 
Vpr), a8 shown on the characteristic curve in Figure 11—10(a). The forward-breakover 
voltage decreases as Jg is increased above 0 V, as shown by the set of curves in Figure 
11-10(b). Eventually, a value of Jg is reached at which the SCR turns on at a very low 
anode-to-cathode voltage. So, as you can see, the gate current controls the value of forward 
breakover voltage, Vgrir), required for turn-on. 


Forward- 
conduction A 
region (on) 


for lg =0 Tuo "al 


Igi>Ico Igo=0 


Ta ES 
vf I 
Ve Vp ~< ue : Lp Vp 
Ver2) Vere) Vero) 
Reverse- 
blocking Forward- 
Reverse- region blocking 
avalanche region (off) 
region TR 
vy 
TR 
(a) For Ig =0 (b) For various J, values 


A FIGURE 11-10 


SCR characteristic curves. 
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Although anode-to-cathode voltages in excess of Vgrip) will not damage the device if 
current is limited, this situation should be avoided because the normal control of the SCR 
is lost. It should normally be triggered on only with a pulse at the gate. 


Turning the SCR Off 


When the gate returns to 0 V after the trigger pulse is removed, the SCR cannot turn off; it 
stays in the forward-conduction region. The anode current must drop below the value of 
the holding current, Jy, in order for turn-off to occur. The holding current is indicated in 
Figure 11-10. 

There are two basic methods for turning off an SCR: anode current interruption and 
forced commutation. The anode current can be interrupted by either a momentary series or 
parallel switching arrangement, as shown in Figure 11-11. The series switch in part (a) 
simply reduces the anode current to zero and causes the SCR to turn off. The parallel 
switch in part (b) routes part of the total current away from the SCR, thereby reducing the 
anode current to a value less than Jy. 

The forced commutation method basically requires momentarily forcing current 
through the SCR in the direction opposite to the forward conduction so that the net forward 
current is reduced below the holding value. The basic circuit, as shown in Figure 11-12, 
consists of a switch (normally a transistor switch) and a capacitor. While the SCR is con- 
ducting, the switch is open and C;, is charged to the supply voltage through R,, as shown in 
part (a). To turn off the SCR, the switch is closed, placing the capacitor across the SCR and 
forcing current through it opposite to the forward current, as shown in part (b). Typically, 
turn-off times for SCRs range from a few microseconds up to about 30 ws. 


+V +V 
9° ° 
+V +V 
O e——_ o——_ 
| Cc SR, c. Sk, 


I sw / SW 
Ra —— | (o) 
I, < Ty e—_ ee | 
Es, 
R R 
G ee l= . = . 
(a) (b) (a) On (b) Off 
A FIGURE 11-11 A FIGURE 11-12 


SCR turn-off by anode current interruption. SCR turn-off by forced commutation. 


SCR Characteristics and Ratings 


Several of the most important SCR characteristics and ratings are defined as follows. Use 
the curve in Figure 11—10(a) for reference where appropriate. 


Forward-breakover voltage, Vgp(r)__This is the voltage at which the SCR enters the 
forward-conduction region. The value of Vgpi) is maximum when JG = 0 and is des- 
ignated Vgr fo). When the gate current in increased, Vgprp) decreases and is designated 
Verl) Verce2), and so on, for increasing steps in gate current (G1, Jg2, and so on). 


Holding current, Ty This is the value of anode current below which the SCR switches 
from the forward-conduction region to the forward-blocking region. The value increases 
with decreasing values of Jg and is maximum for J/g = 0. 
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Gate trigger current, Ig7 This is the value of gate current necessary to switch the 
SCR from the forward-blocking region to the forward-conduction region under speci- 
fied conditions. 


Average forward current, Ir(ayg) This is the maximum continuous anode current (dc) 
that the device can withstand in the conduction state under specified conditions. 


Forward-conduction region This region corresponds to the on condition of the SCR 
where there is forward current from cathode to anode through the very low resistance 
(approximate short) of the SCR. 


Forward-blocking and reverse-blocking regions These regions correspond to the off 
condition of the SCR where the forward current from cathode to anode is blocked by 
the effective open circuit of the SCR. 


Reverse-breakdown voltage, Vgrcr) This parameter specifies the value of reverse 
voltage from cathode to anode at which the device breaks into the avalanche region 
and begins to conduct heavily (the same as in a pn junction diode). 


The Light-Activated SCR (LASCR) 


NN The light-activated silicon-controlled rectifier (LASCR) is a four-layer semiconductor de- 
vice (thyristor) that operates essentially as does the conventional SCR except that it can 
also be light-triggered. The LASCR conducts current in one direction when activated by a 
sufficient amount of light and continues to conduct until the current falls below a specified 
value. Figure 11-13 shows a LASCR schematic symbol. The LASCR is most sensitive to 
light when the gate terminal is open. If necessary, a resistor from the gate to the cathode 
can be used to reduce the sensitivity. 

Figure 11-14 shows a LASCR used to energize a latching relay. The input source turns 
on the lamp; the resulting incident light triggers the LASCR. The anode current energizes 
the relay and closes the contact. Notice that the input source is electrically isolated from 
the rest of the circuit. 


A FIGURE 11-13 
LASCR symbol. 


A FIGURE 11-14 


A LASCR circuit. 


terminals. 

R be turned on (made to conduct)? 

CR be turned off? 

uired in Figure 11-14 to turn off the LASCR and de-energize the relay? 
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11-3 SCR APPLICATIONS 


The SCR is used in many applications, including motor controls, time-delay circuits, 
heater controls, phase controls, relay controls, and sawtooth generators. 


After completing this section, you should be able to 


4 Discuss several SCR applications 


the op 


On-Off Control of Current 


Figure 11-15 shows an SCR circuit that permits current to be switched to a load by the 
momentary closure of switch SW1 and removed from the load by the momentary closure 
of switch SW2. 


+V <@ FIGURE 11-15 
On-Off SCR control circuit. 
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Assuming the SCR is initially off, momentary closure of SW1 provides a pulse of cur- 
rent out of the gate, thus triggering the SCR on so that it conducts current through R,;. The 
SCR remains in conduction even after the momentary contact of SW1 is removed if the 
anode current is equal to or greater than the holding current, Jy. When SW2 is momentarily 
closed, current is shunted around the SCR, thus reducing its anode current below the hold- 
ing value, Jy. This turns the SCR off and reduces the load current to zero. 


igger current and the anode current when the switch, SW1, is 
> 11-16. Assume Vax = 0.2 V, Vox = 0.7 V, and 


Varig ~ Vex _ 3V — 0.7V 
2 NG = = 410 pA 
Ra 5.6k a 
Va— Vax  15V-02V 


Ra 33.0 


= 448 mA 
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Related Problem Will the SCR turn on if Va is reduced to 12 V? Explain. 


» FIGURE 11-16 


Open the Multisim file El 1-03 in the Examples folder on the companion website. 
With SW2 open, momentarily close SW1. Compare the measured anode current 
with the calculated value. Notice that the anode current continues even after SW1 is 
opened. Close SW2 and observe the anode current. Explain your observation. 


Half-Wave Power Control 


A common application of SCRs is in the control of ac power for lamp dimmers, electric 
heaters, and electric motors. A half-wave, variable-resistance, phase-control circuit is 
shown in Figure 11-17; 120 V ac are applied across terminals A and B; R; represents the 
resistance of the load (for example, a heating element or lamp filament). Resistor R, limits 
the current, and potentiometer R> sets the trigger level for the SCR. 


» FIGURE 11-17 e 
Half-wave, variable-resistance, phase- 
control circuit. AQ Ry = R 
L 
120 V ac ~) 
BO R, 


By adjusting R>, the SCR can be made to trigger at any point on the positive half-cycle 
of the ac waveform between 0° and 90°, as shown in Figure 11-18. 

When the SCR triggers near the beginning of the cycle (approximately 0°), as in Figure 
11—18(a), it conducts for approximately 180° and maximum power is delivered to the load. 
When it triggers near the peak of the positive half-cycle (90°), as in Figure 11—18(b), the 
SCR conducts for approximately 90° and less power is delivered to the load. By adjusting 
R>, triggering can be made to occur anywhere between these two extremes, and therefore, 
a variable amount of power can be delivered to the load. Figure 1 1—18(c) shows triggering 
at the 45° point as an example. When the ac input goes negative, the SCR turns off and 
does not conduct again until the trigger point on the next positive half-cycle. The diode 
prevents the negative ac voltage from being applied to the gate of the SCR. 
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Trigger point 
I, I, 
A R = ‘ ; R = A us h R, = 
a — I 
90° 


Trigger 


2 
, 


[ 


(a) 180° conduction (b) 90° conduction 


Trigger point | 
% A 
l 
| 
45° 
[ 


(c) 135° conduction 


A FIGURE 11-18 


Operation of the phase-control circuit. 


EXAMPLE 11-4 Show the voltage waveform across the SCR in Figure 11-19 from anode to cathode 
(ground) in relation to the load current for 180°, 45°, and 90° conduction. Assume an 
ideal SCR. 


® FIGURE 11-19 


Solution When there is load current, the SCR is conducting and the voltage across it is ideally 
zero. When there is no load current, the voltage across the SCR is the same as the 
applied voltage. The waveforms are shown in Figure 1 1—20. 


Related Problem What is the voltage across the SCR if it is never triggered? 


Open the Multisim file El 1-04 in the Examples folder on the companion website. 
View the voltage across the SCR with the oscilloscope. Vary the potentiometer 
setting and observe how Va, changes. 
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» FIGURE 11-20 


180° 


(a) ac power on 


Backup Lighting for Power Interruptions 


As another example of SCR applications, let’s examine a circuit that will maintain lighting 
by using a backup battery when there is an ac power failure. Figure 11—21 shows a center- 
tapped full-wave rectifier used for providing ac power to a low-voltage lamp. As long as 
the ac power is available, the battery charges through diode D3 and R. 


OV 


(b) Backup battery power (ac power off) 


A FIGURE 11-21 


Automatic backup lighting circuit. 


The SCR’s cathode voltage is established when the capacitor charges to the peak value 
of the full-wave rectified ac (6.3 V rms less the drops across Rj and D,). The anode is at 
the 6 V battery voltage, making it less positive than the cathode, thus preventing conduc- 
tion. The SCR’s gate is at a voltage established by the voltage divider made up of Rz and 
R3. Under these conditions the lamp is illuminated by the ac input power and the SCR is 
off, as shown in Figure 11—21(a). 

When there is an interruption of ac power, the capacitor discharges through the closed 
path R;, D3, and R3, making the cathode less positive than the anode or the gate. This 
action establishes a triggering condition, and the SCR begins to conduct. Current from the 
battery is through the SCR and the lamp, thus maintaining illumination, as shown in 
Figure 11—21(b). When ac power is restored, the capacitor recharges and the SCR turns 
off. The battery begins recharging. 
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An Over-Voltage Protection Circuit 


Figure 11—22 shows a simple over-voltage protection circuit, sometimes called a “crow- 
bar” circuit, in a dc power supply. The de output voltage from the regulator is monitored by 
the zener diode (D,) and the resistive voltage divider (R, and Rj). The upper limit of the 
output voltage is set by the zener voltage. If this voltage is exceeded, the zener conducts 
and the voltage divider produces an SCR trigger voltage. The trigger voltage turns on the 
SCR, which is connected across the line voltage. The SCR current causes the fuse to blow, 
thus disconnecting the line voltage from the power supply. 


SW Fuse <q FIGURE 11-22 
C—O A basic SCR over-voltage protection 
circuit (shown in blue). 
120 V ac DC V, 
60 Hz power supply nue 
D, 


+ 


Ri 


Ry 


Sawtooth Generator 


The SCR can be used in conjunction with an RC circuit to produce a repetitive sawtooth 
waveform. The circuit is shown in Figure 11-23. The time constant is set by R, and C), 
and the voltage at which the SCR triggers on is determined by the variable voltage-divider 
formed by R» and R3. When the switch is closed, the capacitor begins charging and turns 
on the SCR. When the SCR turns on, the capacitor quickly discharges through it; the anode 
current then decreases below the holding value, causing the SCR to turn off. As soon as 
the SCR is off, the capacitor starts charging again and the cycle is repeated. By adjusting the 
potentiometer, the frequency of the sawtooth waveform can be changed. 


<q FIGURE 11-23 


Ry 
o—>o—A\A,— r r ro) 


potentiometer in Figure 11-18 is set at its midpoint, during what part of the 
cycle will the SCR conduct? 


ure 11-21, what is the purpose of diode D3? 
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11-4 THE DIAC AND TRIAC 


Both the diac and the triac are types of thyristors that can conduct current in both 
directions (bilateral). The difference between the two devices is that a diac has two ter- 
minals, while a triac has a third terminal, which is the gate for triggering. The diac 
functions basically like two parallel 4-layer diodes turned in opposite directions. The 
triac functions basically like two parallel SCRs turned in opposite directions with a 
common gate terminal. 


After completing this section, you should be able to 


Oo 


Describe the basic structure and operation of the diac and triac 
Explain the operation of the diac 

¢ Identify the schematic symbol ¢ Describe the characteristic curve 
¢ Discuss the equivalent circuit 

Explain the operation of the triac 

¢ Identify the schematic symbol ¢ Describe the characteristic curve 
¢ Discuss the equivalent circuit 

4 Describe an application of the triac 


o 


o 


The Diac 


A diac is a two-terminal four-layer semiconductor device (thyristor) that can conduct cur- 
rent in either direction when activated. The basic construction and schematic symbol for a 
diac are shown in Figure 11-24. Notice that there are two terminals, labelled A; and Ap. 
The top and bottom layers contain both n and p materials. The right side of the stack can be 
regarded as a pnpn structure with the same characteristics as a four-layer diode, while the 
left side is an inverted four-layer diode having an npnp structure. 

Conduction occurs in a diac when the breakover voltage is reached with either polarity 
across the two terminals. The curve in Figure 11—25 illustrates this characteristic. Once 
breakover occurs, current is in a direction depending on the polarity of the voltage across 
the terminals. The device turns off when the current drops below the holding value. 


Tp 
Ay 
Ay Ay 
(a) Basic construction (b) Symbol Tp 
A FIGURE 11-24 A FIGURE 11-25 
The diac. Diac characteristic curve. 


The equivalent circuit of a diac consists of four transistors arranged as shown in 
Figure | 1—26(a). When the diac is biased as in Figure 1 1—26(b), the pnpn structure from A, 
to A» provides the same operation as was described for the 4-layer diode. In the equivalent 
circuit, Q; and Q» are forward-biased, and Q3 and Qj, are reverse-biased. The device oper- 
ates on the upper right portion of the characteristic curve in Figure 11—25 under this bias 
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@ 0s 


wo 


(a) (c) 


A FIGURE 11-26 


Diac equivalent circuit and bias conditions. 


condition. When the diac is biased as shown in Figure | 1—26(c), the pnpn structure from 
A» and A, is used. In the equivalent circuit, Q3 and Q, are forward-biased, and Q; and 
Q> are reverse-biased. Under this bias condition, the device operates on the lower left 
portion of the characteristic curve, as shown in Figure 11-25. 


The Triac 


A triac is like a diac with a gate terminal. A triac can be turned on by a pulse of gate current 
and does not require the breakover voltage to initiate conduction, as does the diac. Basically, 
a triac can be thought of simply as two SCRs connected in parallel and in opposite direc- 
tions with a common gate terminal. Unlike the SCR, the triac can conduct current in either 
direction when it is triggered on, depending on the polarity of the voltage across its Ay and 
Ad terminals. Figure 11—27 shows the basic construction and schematic symbol for a triac. 


Ay <@ FIGURE 11-27 


The triac. 
cles i 


Gate 
Ay 
(a) Basic construction (b) Symbol 


The characteristic curve is shown in Figure | 1—28. Notice that the breakover potential de- 
creases as the gate current increases, just as with the SCR. As with other thyristors, the triac 
ceases to conduct when the anode current drops below the specified value of the holding cur- 
rent, Jy. The only way to turn off the triac is to reduce the current to a sufficiently low level. 

Figure 11-29 shows the triac being triggered into both directions of conduction. In part 
(a), terminal A, is biased positive with respect to A», so the triac conducts as shown when 
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V, V; VerR2 
| » Va 


Vere) Vari) VBR(eO) 


-Iy 


A FIGURE 11-28 


Triac characteristic curves. 


> FIGURE 11-29 +V 


Bilateral operation of a triac. 


(b) Q; and Q, on 


(d) Q3 and Q, on 


triggered by a positive pulse at the gate terminal. The transistor equivalent circuit in part 
(b) shows that Q; and Q> conduct when a positive trigger pulse is applied. In part (c), ter- 
minal Az is biased positive with respect to Aj, so the triac conducts as shown. In this case, 
Q3 and Q, conduct as indicated in part (d) upon application of a positive trigger pulse. 


Applications 


Like the SCR, triacs are also used to control average power to a load by the method of phase 
control. The triac can be triggered such that the ac power is supplied to the load for a controlled 
portion of each half-cycle. During each positive half-cycle of the ac, the triac is off for a certain 
interval, called the delay angle (measured in degrees), and then it is triggered on and conducts 
current through the load for the remaining portion of the positive half-cycle, called the 
conduction angle. Similar action occurs on the negative half-cycle except that, of course, cur- 
rent is conducted in the opposite direction through the load. Figure | 1—30 illustrates this action. 


Triac on 


eee fae 
Delay] °, 


A,oO 
Vin ~) angle 
o 7A Conduction 


Ayd angle 
Vo _| = Ls, 


One example of phase control using a triac is illustrated in Figure 11—31(a). Diodes are 
used to provide trigger pulses to the gate of the triac. Diode D; conducts during the positive 
half-cycle. The value of Rj sets the point on the positive half-cycle at which the triac triggers. 
Notice that during this portion of the ac cycle, A; and G are positive with respect to Ap. 


/ 
Ve, / Trigger point 


Vie \ 
\ 


\ 
Trigger point = \ 
(adjusted by R) 


(a) (b) 


Diode D, conducts during the negative half-cycle, and R, sets the trigger point. Notice 
that during this portion of the ac cycle, Ay and G are positive with respect to A,. The re- 
sulting waveform across R, is shown in Figure 11—31(b). 

In the phase-control circuit, it is necessary that the triac turn off at the end of each pos- 
itive and each negative alternation of the ac. Figure 11—32 illustrates that there is an inter- 
val near each 0 crossing where the triac current drops below the holding value, thus turning 
the device off. 
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<@ FIGURE 11-30 
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Basic triac phase control. 


<@ FIGURE 11-31 


Triac phase-control circuit. 
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> FIGURE 11-32 


Triac turn-off interval. 


Interval during which 


current drops below Jy B 


ompare the triac with the SCR in terms of basic operation. 
w does a triac differ from a diac? 


11-5 THE SILICON-CONTROLLED SwitcH (SCS) 


Anode (A) 
Anode 
gate 
Ga) 
Cathode Ga 
gate 
(Gx) 
Cathode (K) 


A FIGURE 11-33 


The silicon-controlled switch (SCS). 


The silicon-controlled switch (SCS) is similar in construction to the SCR. The SCS, 
however, has two gate terminals, the cathode gate and the anode gate. The SCS can be 
turned on and off using either gate terminal. Remember that the SCR can be only 
turned on using its gate terminal. Normally, the SCS is available in power ratings 
lower than those of the SCR. 


After completing this section, you should be able to 


2 Describe a silicon-controlled switch (SCS) 
4 Explain the basic operation 

¢ Identify the schematic symbol ¢ Discuss the equivalent circuit 
4 Discuss SCS applications 


Basic Operation 


An SCS (silicon-controlled switch) is a four-terminal thyristor that has two gate terminals 
that are used to trigger the device on and off. The symbol and terminal identification for an 
SCS are shown in Figure 11-33. 

As with the previous thyristors, the basic operation of the SCS can be understood by re- 
ferring to the transistor equivalent, shown in Figure 11-34. To start, assume that both Q, 
and Q) are off, and therefore that the SCS is not conducting. A positive pulse on the cath- 
ode gate drives Q> into conduction and thus provides a path for Q; base current. When Q, 
turns on, its collector current provides base current for Q>, thus sustaining the on state of 
the device. This regenerative action is the same as in the turn-on process of the SCR and 
the 4-layer diode and is illustrated in Figure 11—34(a). 

The SCS can also be turned on with a negative pulse on the anode gate, as indicated in 
Figure 11—34(a). This drives Q; into conduction which, in turn, provides base current for 
Q>. Once Q> is on, it provides a path for Q| base current, thus sustaining the on state. 

To turn the SCS off, a positive pulse is applied to the anode gate. This reverse-biases the 
base-emitter junction of Q and turns it off. Q>, in turn, cuts off and the SCS ceases con- 
duction, as shown in Figure 11—34(b). The device can also be turned off with a negative 
pulse on the cathode gate, as indicated in part (b). The SCS typically has a faster turn-off 
time than the SCR. 
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<@ FIGURE 11-34 


SCS operation. 


(a) Turn-on: Positive pulse on Ge (b) Turn-off: Positive pulse on Ga 
or negative pulse on Ga or negative pulse on Gx 


In addition to the positive pulse on the anode gate or the negative pulse on the cathode 
gate, there is another method for turning off an SCS. Figure 11—35(a) and (b) shows two 
switching methods to reduce the anode current below the holding value. In each case, the 
bipolar junction transistor (BJT) acts as a switch to interrupt the anode current. 


+V +V <q FIGURE 11-35 
ie) ie) 


The transistor switch in both series 
and shunt configurations reduces the 


shes | —K) Q = Ry anode current below the holding cur- 
ees rent and turns off the SCS. 
a 


(a) Series switch turns off SCS (b) Shunt switch turns off SCS 


Applications 


The SCS and SCR are used in similar applications. The SCS has the advantage of faster 
turn-off with pulses on either gate terminal; however, it is more limited in terms of maxi- 
mum current and voltage ratings. Also, the SCS is sometimes used in digital applications 
such as counters, registers, and timing circuits. 


2 difference between an SCS and an SCR. 
/an SCS be turned on? 
iree ways an SCS can be turned off. 


11-6 THE UNIJUNCTION TRANSISTOR (UJT) 


The unijunction transistor does not belong to the thyristor family because it does not 
have a four-layer type of construction. The term unijunction refers to the fact that 
the UST has a single pn junction. The UST is useful in certain oscillator applications 
and as a triggering device in thyristor circuits. 


584 ¢ THyristors 


» FIGURE 11-37 


UJT equivalent circuit. 


The UJT (unijunction transistor) is a three-terminal device whose basic construction is 
shown in Figure 11—36(a). The schematic symbol appears in Figure 11—36(b). Notice the 
terminals are labelled Emitter (E), Base 1 (B,), and Base 2 (B,). Do not confuse this sym- 
bol with that of a JFET; the difference is that the arrow is at an angle for the UJT. The UJT 
has only one pn junction, and therefore, the characteristics of this device are different from 
those of either the BJT or the FET, as you will see. 


» FIGURE 11-36 


The unijunction transistor (UJT). Ba 
. “i 
B, 
Base 1 
(a) Basic construction (b) Symbol 


Equivalent Circuit 


The equivalent circuit for the UJT, shown in Figure 11—37(a), will aid in understanding 
the basic operation. The diode shown in the figure represents the pn junction, rp, repre- 
sents the internal dynamic resistance of the silicon bar between the emitter and base 1, 


B 
2 bn, 
IB) = pa 
E avn S if 
E + BB 3 al uv | — Vez 
Vegi 48 
= Ve 
TBI Zr 
OB, 
B, ad 


(a) (b) 


THE UNUNCTION TRANSISTOR (UJT) 


and rg represents the dynamic resistance between the emitter and base 2. The total resist- 
ance between the base terminals is the sum of rp; and rpo and is called the interbase 
resistance, pp. 


i _ - I 
rap = "Bi + 1B2 
The value of rp; varies inversely with emitter current Jp, and therefore, it is shown as a 
variable resistor. Depending on Jp, the value of rg; can vary from several thousand ohms 
down to tens of ohms. The internal resistances rp, and rg> form a voltage divider when the 


device is biased, as shown in Figure 11—37(b). The voltage across the resistance rg, can be 
expressed as 


Standoff Ratio 


The ratio rp,/rgp is a UJT characteristic called the intrinsic standoff ratio and is desig- 
nated by 17 (Greek eta). 
rBi 


re 
As long as the applied emitter voltage Vgp, is less than V, + V,,, there is no emitter 
current because the pn junction is not forward-biased (V,,, is the barrier potential of the pn 


junction). The value of emitter voltage that causes the pn junction to become forward- 
biased is called Vp (peak-point voltage) and is expressed as 


Vp = nVeB aa Von 


When Vgp; reaches Vp, the pn junction becomes forward-biased and /g begins. Holes 
are injected into the n-type bar from the p-type emitter. This increase in holes causes an 
increase in free electrons, thus increasing the conductivity between emitter and B, (de- 
creasing rp;). 

After turn-on, the UJT operates in a negative resistance region up to a certain value of 
Ig, as shown by the characteristic curve in Figure 11-38. As you can see, after the peak 
point (Vg = Vp and Jg = Ip), Vg decreases as J continues to increase, thus producing the 
negative resistance characteristic. Beyond the valley point (Vg = Vy and Jg = Jy), the 
device is in saturation, and Vg increases very little with an increasing Jp. 


Ve 
A 
Negative 


Cutoff 1>|<— resistance —><——— Saturation 


Valley point 


A FIGURE 11-38 


UJT characteristic curve for a fixed value of Vpp. 


Equation 11-1 


Equation 11-2 
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EXAMPLE 11-5 


Related Problem 


A FIGURE 11-39 


Relaxation oscillator. 


The datasheet of a certain UJT gives 7 = 0.6. Determine the peak-point emitter volt- 
age Vp if VepB = 20V. 


Vp = 1Vgp + Vpn = 0.6(20V) + 0.7V = 12.7V 


How can the peak-point emitter voltage of a UJT be increased? 


A UJT Application 


The UJT can be used as a trigger device for SCRs and triacs. Other applications include 
nonsinusoidal oscillators, sawtooth generators, phase control, and timing circuits. Figure 
11-39 shows a UST relaxation oscillator as an example of one application. 

The operation is as follows. When dc power is applied, the capacitor C charges expo- 
nentially through R, until it reaches the peak-point voltage Vp. At this point, the pn 
junction becomes forward-biased, and the emitter characteristic goes into the negative 
resistance region (Vg decreases and J, increases). The capacitor then quickly discharges 
through the forward-biased junction, rp, and Ry. When the capacitor voltage decreases to 
the valley-point voltage Vy, the UJT turns off, the capacitor begins to charge again, and the 
cycle is repeated, as shown in the emitter voltage waveform in Figure 11-40 (top). During 
the discharge time of the capacitor, the UJT is conducting. Therefore, a voltage is developed 
across R>, as shown in the waveform diagram in Figure 11-40 (bottom). 


0 


A FIGURE 11-40 


Waveforms for UJT relaxation oscillator. 


Conditions for Turn-On and Turn-Off In the relaxation oscillator of Figure 11-39, 
certain conditions must be met for the UJT to reliably turn on and turn off. First, to en- 
sure turn-on, R, must not limit J, at the peak point to less than Jp. To ensure this, the 
voltage drop across R, at the peak point should be greater than /pR,. Thus, the condition 
for turn-on is 


Vpp = Vp > IpR, 
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or 
Vep — V, 
R, < BB Pp 
Ip 
To ensure turn-off of the UJT at the valley point, R; must be large enough that /g (at the 
valley point) can decrease below the specified value of /y. This means that the voltage 
across R, at the valley point must be less than /yR,. Thus, the condition for turn-off is 
Vep — Vy < IyR, 
or 
Vea — V 
a BB Vv 
ly 
Therefore, for a proper turn-on and turn-off, R; must be in the range 
Ves — V, Vea — VW 
BB Pe ie BB Vv 
Ip ly 
EXAMPLE 11-6 Determine a value of Rj in Figure 11—41 that will ensure proper turn-on and turn-off 
of the UJT. The characteristic of the UJT exhibits the following values: n = 0.5, Vy = 
1V, Jy = 10mA, Ip = 20 pA, and Vp = 14 V. 
FIGURE 11-41 
Vep 
+30 V 
fo) 
——————o 
=" 
==C = R> 
Ves — V, Vep — V 
Solution ee R, > abe. 
Ip ly 
30V — 14V AD) WI NY 
——______ > R, > ——___—_ 
20 pA 10mA 


800kQ, > R, > 2.9kO 
As you can see, R; has quite a wide range of possible values that will work. 
Related Problem Determine a value of R, in Figure 11—41 that will ensure proper turn-on and turn-off 


for the following values: y = 0.33, Vy = 0.8 V, Iy = 15 mA, Ip = 35 pA, and 
Vp = 18 V. 
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T terminals. 
intrinsic standoff ratio? 


UJT relaxation oscillator such as in Figure 11-39, what three factors deter- 
riod of oscillation? 


11-7 THE PROGRAMMABLE UNIJUNCTION TRANSISTOR (PUT) 


The programmable unijunction transistor (PUT) is actually a type of thyristor and not 
like the UST at all in terms of structure. The only similarity to a UJT is that the PUT can 
be used in some oscillator applications to replace the UJT. The PUT is similar to an SCR 
except that its anode-to-gate voltage can be used to both turn on and turn off the device. 


After completing this section, you should be able to 


a De 


A PUT (programmable unijunction transistor) is a type of three-terminal thyristor that 
is triggered into conduction when the voltage at the anode exceeds the voltage at the gate. 
The structure of the PUT is more similar to that of an SCR (four-layer) than to a UJT. The 
exception is that the gate is brought out as shown in Figure 11—42. Notice that the gate is 
connected to the n region adjacent to the anode. This pn junction controls the on and off 
states of the device. The gate is always biased positive with respect to the cathode. When the 
anode voltage exceeds the gate voltage by approximately 0.7 V, the pn junction is forward- 
biased and the PUT turns on. The PUT stays on until the anode voltage falls back below 
this level, then the PUT turns off. 


> FIGURE 11-42 Anode (A) 


The programmable unijunction tran- 
sistor (PUT). 


K 


Cathode (K) 
(a) Basic construction (b) Symbol 


Setting the Trigger Voltage 


The gate can be biased to a desired voltage with an external voltage divider, as shown in 
Figure 11—43(a), so that when the anode voltage exceeds this “programmed” level, the 
PUT turns on. 
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Vax (anode-to-cathode voltage) 
A 


Vpb- 


> 
Ty 
(anode current) 


(a) Circuit (b) Characteristic curve 


A FIGURE 11-43 
PUT biasing. 


An Application 


A plot of the anode-to-cathode voltage, Vax, versus anode current, /,, in Figure 11—43(b) re- 
veals a characteristic curve similar to that of the UJT. Therefore, the PUT replaces the UJT in 
many applications. One such application is the relaxation oscillator in Figure 1 1—44(a). 

The basic operation of the PUT is as follows. The gate is biased at +9 V by the voltage 
divider consisting of resistors Rp and R3. When de power is applied, the PUT is off and the 
capacitor charges toward +18 V through R;. When the capacitor reaches Vg + 0.7 V, 
the PUT turns on and the capacitor rapidly discharges through the low on resistance of the 
PUT and Ry. A voltage spike is developed across Ry during the discharge. As soon as 
the capacitor discharges, the PUT turns off and the charging cycle starts over, as shown by 
the waveforms in Figure 11—44(b). 


(b) 
A FIGURE 11-44 


PUT relaxation oscillator. 


es the term programmable mean as used in programmable unijunction tran- 
1)? 
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Application Activity: Motor Speed Control 


In this application, an SCR and a PUT are used to control the speed of a conveyor belt 
motor. The circuit controls the speed of the conveyor so that a predetermined average 
number of randomly spaced parts flow past a point on the production line in a specified 
period of time. This is to allow an adequate amount of time for the production line workers 
to perform certain tasks on each part. A basic diagram of the conveyor speed-control sys- 
tem is shown in Figure 11—45. 


Infrared 
detector 


Infrared 
emitter 


Processing 
circuits 


120 Vac 


Motor speed- 
control circuit 


A FIGURE 11-45 


Block diagram of conveyor speed-control system. 


Each time a part on the moving conveyor belt passes the infrared (IR) detector and 
interrupts the IR beam, a digital counter in the processing circuits is advanced by one. 
The count of the passing parts is accumulated over a specified period of time and converted 
to a proportional voltage by the processing circuits. The more parts that pass the IR detector 
during the specified time, the higher the voltage. The proportional voltage is applied to the 
motor speed-control circuit which, in turn, adjusts the speed of the electric motor that 
drives the conveyor belt in order to maintain the desired number of parts in a specified 
period of time. 


The Motor Speed-Control Circuit 


The proportional voltage from the processing circuits is applied to the gate of a PUT. 
This voltage determines the point in the ac cycle at which the SCR is triggered on. For a 
higher PUT gate voltage, the SCR turns on later in the half-cycle and therefore delivers 
less average power to the motor to decrease its speed. For a lower PUT gate voltage, the 
SCR turns on earlier in the half-cycle and delivers more average power to the motor to 
increase its speed. This process continually adjusts the motor speed to maintain the 
required number of parts per unit time moving on the conveyor. A potentiometer is used 
for calibration of the SCR trigger point. The motor speed-control circuit is shown in 
Figure 11—46. 
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FIGURE 11-46 


Motor speed-control circuit. 


Control 


voltage 


120 Vac 2N6397 


2N6027 


The SCR used in the motor speed control is the 2N6397 n-channel. The partial 
datasheet is shown in Figure 11-47. The PUT is the 2N6027 and its partial datasheet is 
also shown in Figure | 1—47. 
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FIGURE 11-47 


Partial datasheets for the 2N6397 silicon-controlled rectifier and for the 2N6027 programmable 
unijunction transistor. Copyright of Semiconductor Component Industries, LLC. Used by permission. 
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Answer the following questions using the partial datasheets in Figure 1 1—47. If sufficient 
information doesn’t appear on these datasheets, go to onsemi.com and download the 
complete datasheet(s). 

1. How much peak voltage can the SCR withstand in the off state? 
2. What is the maximum SCR current when it is turned on? 
3. What is the maximum power dissipation of the PUT? 


Simulation 

The motor speed-control circuit is simulated in Multisim with a resistive/inductive load in 
place of the motor and a dc voltage source in place of the input from the processing circuit, 
as shown in Figure 11—48. The diode is placed across the motor for transient suppression. 


=» Oscilloscope-XSC1 


(a) Motor speed-control circuit 


Lab Experiment 


Time Channel_A Channel_B “| 
11 ©) coo.0a7 ms == 1.0700 a 


ue +>) Save 
T2-Tt a 
Timebase Channel A Channel 8 Trigger 

Seale [5 msiDiv Seale] 100 WDiv  Soale [5 WDiv Eige [F %| 


X position [0 ¥ position] 0 ¥ position [0 level [0 
[¥7T Add) BA) WB)) AC] oO | [OC © Ac} oO FOC -| © | Type Sing: Nor-| Autofflone 


= 


(b) Voltage across the SCR at Voy, = 12 V 


A” FIGURE 11-48 


Simulation results for the motor speed-control circuit. 


4. On the scope display in Figure 11—48 identify when the SCR is conducting. 
5. If the control voltage is reduced, will the SCR conduct more or less? 
6. If the control voltage is reduced, will the motor speed increase or decrease? 


Figure 11—49 shows the results of varying Veontro) . You can see that as the control 
voltage is decreased, the SCR conducts for more of the cycle and therefore delivers more 


power to the motor to increase its speed. 


Simulate the motor speed-control circuit using your Multisim software. Observe how 
the SCR voltage changes with changes in Veontrol- 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 


To build and test a similar circuit, go to Experiment 11 in your lab manual (Laboratory 
Exercises for Electronic Devices by David Buchla and Steven Wetterling). 
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(a) Voltage across the SCR at V.o,, = 14.2 V (b) Voltage across the SCR at V.o,,=4 V 


c 


[FXII 


[v 


A FIGURE 11-49 


SCR waveforms for two control voltages. 


Circuit Board 
The motor speed-control circuit board is shown in Figure 11—50. The heat sink is for 
power dissipation in the SCR. 


» FIGURE 11-50 


Motor speed-control circuit board. 


7. Check the printed circuit board for correctness by comparing with the schematic 
in Figure 11—46. 
8. Label each input and output pin according to function. 


Troubleshooting 
Three circuit boards are tested, and the results are shown in Figure 11-51. 
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<> Simulated Tektronix Oscilloscope-XSC? 


lADAOA 
De 


12V 


120 V ac 


Simulates load of motor 


(a) Test of board 1 


(b) Test of board 2 


FIGURE 11-51 


9. Determine the problem, if any, in each of the board tests in Figure 11-51. 
10. List possible causes of any problem from item 9.? 
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(a) 4-layer diode (b) SCR (c) LASCR (d) Diac (e) Triac (f) SCS (g) UJT (h) PUT 


SUMMARY 
Section 11-1 


Section 11-2 
Section 11-4 
Section 11-5 


Section 11-6 


Section 11-7 


KEY TERMS 


_ KEY FORMULAS 
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® Thyristors are devices constructed with four semiconductor layers (pnpn). 
Thyristors include 4-layer diodes, SCRs, LASCRs, diacs, triacs, SCSs, and PUTs. 


® The 4-layer diode is a thyristor that conducts when the voltage across its terminals exceeds the 


Sd 


breakover potential. 

® The silicon-controlled rectifier (SCR) can be triggered on by a pulse at the gate and turned off 
by reducing the anode current below the specified holding value. 

® Light acts as the trigger source in light-activated SCRs (LASCRs). 

® The diac can conduct current in either direction and is turned on when a breakover voltage is 
exceeded. It turns off when the current drops below the holding value. 

® The triac, like the diac, is a bidirectional device. It can be turned on by a pulse at the gate and 
conducts in a direction depending on the voltage polarity across the two anode terminals. 

® The silicon-controlled switch (SCS) has two gate terminals and can be turned on by a pulse at 
the cathode gate and turned off by a pulse at the anode gate. 

® The intrinsic standoff ratio of a unijunction transistor (UJT) determines the voltage at which the 
device will trigger on. 

® The programmable unijunction transistor (PUT) can be externally programmed to turn on at a 
desired anode-to-gate voltage level. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Diac A two-terminal four-layer semiconductor device (thyristor) that can conduct current in either 
direction when properly activated. 

Forward-breakover voltage (Vgryr)) The voltage at which a device enters the forward-blocking 
region. 

4-layer diode The type of two-terminal thyristor that conducts current when the anode-to-cathode 
voltage reaches a specified “breakover’ value. 

Holding current (jy) The value of the anode current below which a device switches from the 
forward-conduction region to the forward-blocking region. 

LASCR Light-activated silicon-controlled rectifier; a four-layer semiconductor device (thyristor) 
that conducts current in one direction when activated by a sufficient amount of light and continues to 
conduct until the current falls below a specified value. 

PUT Programmable unijunction transistor; a type of three-terminal thyristor (more like an SCR than 
a UJT) that is triggered into conduction when the voltage at the anode exceeds the voltage at the gate. 
SCR __ Silicon-controlled rectifier; a type of three-terminal thyristor that conducts current when trig- 
gered on by a voltage at the single gate terminal and remains on until the anode current falls below a 
specified value. 

SCS __ Silicon-controlled switch; a type of four-terminal thyristor that has two gate terminals that are 
used to trigger the device on and off. 


Standoff ratio The characteristic of a UJT that determines its turn-on point. 
Thyristor A class of four-layer (pnpn) semiconductor devices. 
Triac A three-terminal thyristor that can conduct current in either direction when properly activated. 


UJT  Unijunction transistor; a three-terminal single pn junction device that exhibits a negative 
resistance characteristic. 


rt 

11-1 n= zt UST intrinsic standoff ratio 
rBB 

11-2 Vp = 1Vgp + Vpn UST peak-point voltage 
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-TRUE/FALSE QUIZ 


-CIRCUIT-ACTION QUIZ 


"SELF-TEST 
Section 11-1 


Section 11-2 


Answers can be found at www.pearsonhighered.com/floyd. 
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. A thyristor is characterized by four semiconductor layers. 
. An SCR is a silicon conduction rectifier. 
. The three terminals of an SCR are the anode, cathode, and gate. 


. One method for turning off an SCR is called forced commutation. 


The SCR is turned on by a pulse on the anode. 
A diac can conduct current in two directions. 


A diac has two terminals. 


. A triac has four terminals. 

. The SCS is a silicon-controlled switch. 

. The UJT is commonly used to trigger thyristors but is not a thyristor itself. 

. The PUT is a three-terminal thyristor that can be turned on and off by a voltage on its gate. 


. PUT stands for positive unijunction transistor. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


If the potentiometer in Figure 11-19 is adjusted from a setting near the bottom (low resistance 
from wiper to ground) to a setting near the top (higher resistance from wiper to ground), the 
average current through Ry; will 


(a) increase (b) decrease (c) not change 


. If the diode in Figure 11-19 opens, the voltage across R,, will 


(a) increase (b) decrease (c) not change 


. Assume that the battery in Figure 11-21 is fully charged and the ac power goes off. If D3 


opens, the current through the lamp will immediately 


(a) increase (b) decrease (c) not change 


. If the capacitor in Figure 11—44 shorts to ground, the voltage at the cathode of the PUT will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


A thyristor has 
(a) two pn junctions (b) three pn junctions 
(c) four pn junctions (d) only two terminals 


. Common types of thyristors include 


(a) BJTs and SCRs (b) UJTs and PUTs 
(c) FETs and triacs (d) diacs and triacs 


. A 4-layer diode turns on when the anode-to-cathode voltage exceeds 


(a) 0.7 V (b) the gate voltage 
(c) the forward-breakover voltage (d) the forward-blocking voltage 


. Once it is conducting, a 4-layer diode can be turned off by 


(a) reducing the current below a certain value 
(b) disconnecting the anode voltage 
(c) answers (a) and (b) 


(d) neither answer (a) nor (b) 


. An SCR differs from the 4-layer diode because 


(a) it has a gate terminal (b) it is not a thyristor 


(c) it does not have four layers (d) it cannot be turned on and off 


Section 11-4 


Section 11-5 


Section 11-6 


Section 11-7 


10. 


11. 


12. 


13. 


14. 


15. 


SELF-TEST 


. An SCR can be turned off by 


(a) forced commutation (b) a negative pulse on the gate 
(c) anode current interruption (d) answers (a), (b), and (c) 


(e) answers (a) and (c) 


. In the forward-blocking region, the SCR is 


(a) reverse-biased (b) in the off state 
(c) in the on state (d) at the point of breakdown 


. The specified value of holding current for an SCR means that 


(a) the device will turn on when the anode current exceeds this value 
(b) the device will turn off when the anode current falls below this value 
(c) the device may be damaged if the anode current exceeds this value 


(d) the gate current must equal or exceed this value to turn the device on 


. The diac is 


(a) a thyristor 

(b) a bilateral, two-terminal device 

(c) like two parallel 4-layer diodes in reverse directions 
(d) answers (a), (b), and (c) 

The triac is 

(a) like a bidirectional SCR 

(b) a four-terminal device 

(c) not a thyristor 

(d) answers (a) and (b) 

The SCS differs from the SCR because 

(a) it does not have a gate terminal 

(b) its holding current is less 

(c) it can handle much higher currents 

(d) it has two gate terminals 

The SCS can be turned on by 

(a) an anode voltage that exceeds forward-breakover voltage 
(b) a positive pulse on the cathode gate 

(c) a negative pulse on the anode gate 

(d) either (b) or (c) 

The SCS can be turned off by 

(a) a negative pulse on the cathode gate and a positive pulse on the anode gate 
(b) reducing the anode current to below the holding value 
(c) answers (a) and (b) 

(d) a positive pulse on the cathode gate and a negative pulse on the anode gate 
Which of the following is not a characteristic of the UJT? 
(a) intrinsic standoff ratio 

(b) negative resistance 

(c) peak-point voltage 

(d) bilateral conduction 

The PUT is 

(a) much like the UJT 

(b) not a thyristor 

(c) triggered on and off by the gate-to-anode voltage 


(d) not a four-layer device 
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| PROBLEMS Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


Section 11-1 The Four-Layer Diode 


1. The 4-layer diode in Figure 11—52 is biased such that it is in the forward-conduction region. 
Determine the anode current for Vga) = 20 V, Veg = 0.7 V, and Veg (sat) = 0.2 V. 


> FIGURE 11-52 Rs 


+ 
= Veias 
ile 25 V 


2. (a) Determine the resistance of a certain 4-layer diode in the forward-blocking region if 
Vax = 15 V and I, = 1 pA. 
(b) If the forward-breakover voltage is 50 V, how much must Vax be increased to switch the 
diode into the forward-conduction region? 


Section 11-2 The Silicon-Controlled Rectifier (SCR) 
3. Explain the operation of an SCR in terms of its transistor equivalent. 


4. To what value must the variable resistor be adjusted in Figure 11—53 in order to turn the SCR 
off? Assume Jy = 10 mA and Vax = 0.7 V. 


» FIGURE 11-53 +30 V 
Multisim file circuits are identified i 
with a logo and are in the Problems R 


folder on the companion website. = 10kO 
Filenames correspond to figure 


numbers (e.g., F11-53). ~ 
| oF 
= 4.7kO | 


5. By examination of the circuit in Figure 11—54, explain its purpose and basic operation. 


A FIGURE 11-54 
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6. Determine the voltage waveform across Rx in Figure 11-55. 


> FIGURE 11-55 Vee +V 


Vea ie 2 


Section 11-3 SCR Applications 


7. Describe how you would modify the circuit in Figure 11-17 so that the SCR triggers and 
conducts on the negative half-cycle of the input. 


8. What is the purpose of diodes D, and D) in Figure 11-21? 


9. Sketch the Vp waveform for the circuit in Figure 11-56, given the indicated relationship of the 
input waveforms. 


> FIGURE 11-56 


| 


Section 11-4 The Diac and Triac 


10. Sketch the current waveform for the circuit in Figure 11-57. The diac has a breakover potential 
of 20 V. Jy = 20 mA. 


> FIGURE 11-57 


25V 1.0kQ 
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Section 11-5 


Section 11-6 


Section 11-7 


» FIGURE 11-60 


11. Repeat Problem 10 for the triac circuit in Figure 11-58. The breakover potential is 25 V and 
Ty = I mA. 


> FIGURE 11-58 15 V peak 


4.74 


The Silicon-Controlled Switch (SCS) 


12. Explain the turn-on and turn-off operation of an SCS in terms of its transistor equivalent. 


13. Name the terminals of an SCS. 


The Unijunction Transistor (UJT) 


14. In acertain UIT, rg, = 2.5kQ and rg = 4kQ. What is the intrinsic standoff ratio? 
15. Determine the peak-point voltage for the UJT in Problem 14 if Vgg = 15 V. 


16. Find the range of values of R; in Figure 11—59 that will ensure proper turn-on and turn-off of 
the UJT. 7 = 0.68, Vy = 0.8 V, ty = 15 mA, Jp = 10 uA, and Vp = 10 V. 


» FIGURE 11-59 


Vp B 


The Programmable Unijunction Transistor (PUT) 


17. At what anode voltage (V4) will each PUT in Figure 11—60 begin to conduct? 


18. Draw the current waveform for each circuit in Figure 11-60 when there is a 10 V peak 
sinusoidal voltage at the anode. Neglect the forward voltage of the PUT. 


Vp Vp 
+20 V +9 V 
fe) 
Ry Ry 
Va 12kO Va 47 kQ 
R R, R, R; 
4700 10kO 3300 47k 


(a) (b) 


19. 


20. 
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Sketch the voltage waveform across R, in Figure 11—61 in relation to the input voltage 
waveform. 


Repeat Problem 19 if R3 is increased to 15kQ. 


» FIGURE 11-61 +6 V 
[@) 
R, 
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sv 
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APPLICATION ACTIVITY PROBLEMS 


21. 


22. 


23. 


In the motor speed-control circuit of Figure 11—46, at which PUT gate voltage does the electric 
motor run at the fastest speed: 0 V, 2 V, or 5 V? 


Does the SCR in the motor speed-control circuit turn on earlier or later in the ac cycle if the 
resistance of the rheostat is reduced? 


Describe the SCR action as the PUT gate voltage is increased in the motor speed-control 
circuit. 


ADVANCED PROBLEMS 


24. 


25. 


26. 


Refer to the SCR over-voltage protection circuit in Figure 11-22. For a+12 V output de power 
supply, specify the component values that will provide protection for the circuit if the output 
voltage exceeds +15 V. Assume the fuse is rated at 1 A. 


Design an SCR crowbar circuit to protect electronic circuits against a voltage from the power 
supply in excess of 6.2 V. 
Design a relaxation oscillator to produce a frequency of 2.5 kHz using a UJT with y = 0.75 


and a valley voltage of 1 V. The circuit must operate from a +12 V dc source. Design values of 
ly = 10mA and Jp = 20 pA are to be used. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the companion website. 


27. 
28. 
29. 


Open file TSP11-27 and determine the fault. 
Open file TSP11-28 and determine the fault. 
Open file TSP11-29 and determine the fault. 


12-1 Introduction to Operational Amplifiers 
12-2. Op-Amp Input Modes and Parameters 
12-3 Negative Feedback 

12-4 Op-Amps with Negative Feedback 


12-5 Effects of Negative Feedback on Op-Amp 
Impedances 


12-6 Bias Current and Offset Voltage 
12-7 Open-Loop Frequency and Phase Responses 
12-8 Closed-Loop Frequency Response 
12-9 Troubleshooting 
Application Activity 
Programmable Analog Technology 


Describe the basic operational amplifier and its 
characteristics 


Discuss op-amp modes and several parameters 

Explain negative feedback in op-amps 

Analyze op-amps with negative feedback 

Describe how negative feedback affects op-amp impedances 
Discuss bias current and offset voltage 

Analyze the open-loop frequency response of an op-amp 
Analyze the closed-loop frequency response of an op-amp 
Troubleshoot op-amp circuits 


Operational amplifier @ Negative feedback 
(op-amp) @ Closed-loop voltage gain 
Differential amplifier ¢ Noninverting amplifier 
Differential mode ¢ Voltage-follower 
Common mode ® Inverting amplifier 
CMRR @ Phase shift 

Open-loop voltage gain ¢ Gain-bandwidth product 


Slew rate 


For the Application Activity in this chapter, the audio ampli- 
fier from the PA system in Chapter 7 is modified. The two- 
stage preamp portion of the amplifier is replaced by an 
op-amp circuit. The power amplifier portion is retained in its 
original configuration with the exception of the drive circuit 
so that the new design consists of an op-amp driving a push- 
pull power stage. In the original system there are two PC 
boards—one for the preamp and one for the power ampli- 
fier. The new design will allow both the preamp and the 
power amplifier to be on a single PC board. 


Study aids and Multisim files for this chapter are available at 
http://www.pearsonhighered.com/electronics 


In the previous chapters, you have studied a number of im- 
portant electronic devices. These devices, such as the diode 
and the transistor, are separate devices that are individually 
packaged and interconnected in a circuit with other devices 
to form a complete, functional unit. Such devices are 
referred to as discrete components. 

Now you will begin the study of linear integrated circuits 
(ICs), where many transistors, diodes, resistors, and capaci- 
tors are fabricated on a single tiny chip of semiconductive 
material and packaged in a single case to form a functional 
circuit. An integrated circuit, such as an operational ampli- 
fier (op-amp), is treated as a single device. This means that 
you will be concerned with what the circuit does more from 
an external viewpoint than from an internal, component- 
level viewpoint. 

In this chapter, you will learn the basics of op-amps, 
which are the most versatile and widely used of all linear 
integrated circuits. You will also learn about open-loop and 
closed-loop frequency responses, bandwidth, phase shift, 
and other frequency-related parameters. The effects of nega- 
tive feedback will be examined. 
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12—1 INTRODUCTION TO OPERATIONAL AMPLIFIERS 


Early operational amplifiers (op-amps) were used primarily to perform mathematical 
operations such as addition, subtraction, integration, and differentiation—thus the 
term operational. These early devices were constructed with vacuum tubes and 
worked with high voltages. Today’s op-amps are linear integrated circuits (ICs) that 
use relatively low dc supply voltages and are reliable and inexpensive. 


After completing this section, you should be able to 


4 Describe the basic operational amplifier and its characteristics 
¢ Identify the schematic symbol and IC package terminals 

4 Discuss the ideal op-amp 

4 Discuss the practical op-amp 
¢ Draw the internal block diagram 


a 


The standard operational amplifier (op-amp) symbol is shown in Figure 12—1(a). It 
has two input terminals, the inverting (—) input and the noninverting (+) input, and one 
output terminal. Most op-amps operate with two dc supply voltages, one positive and the 
other negative, as shown in Figure 12—1(b), although some have a single dc supply. 
Usually these dc voltage terminals are left off the schematic symbol for simplicity but are 
understood to be there. Some typical op-amp IC packages are shown in Figure 12—1(c). 


+V 
Inverting 
input 

Output 

Noninverting 
input 

-V 

(a) Symbol (b) Symbol with de supply connections 


DIP SMT SMT 


(c) Typical packages. Pin | is indicated by a notch or dot on dual in-line (DIP) 
and surface-mount technology (SMT) packages, as shown. 


The Ideal Op-Amp 


To illustrate what an op-amp is, let’s consider its ideal characteristics. A practical op-amp, 
of course, falls short of these ideal standards, but it is much easier to understand and ana- 
lyze the device from an ideal point of view. 

First, the ideal op-amp has infinite voltage gain and infinite bandwidth. Also, it has an 
infinite input impedance (open) so that it does not load the driving source. Finally, it has a 
zero output impedance. Op-amp characteristics are illustrated in Figure 12—2(a). The input 
voltage, V;,, appears between the two input terminals, and the output voltage is A,Vj,, as 
indicated by the internal voltage source symbol. The concept of infinite input impedance is 


<@ FIGURE 12-1 


Op-amp symbols and packages. 


HISTORY NOTE 
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a particularly valuable analysis tool for the various op-amp configurations, which will be 
discussed in Section 12-4. 


(a) Ideal op-amp representation 


(b) Practical op-amp representation 


A FIGURE 12-2 


Basic op-amp representations. 


The Practical Op-Amp 


Although integrated circuit (IC) op-amps approach parameter values that can be treated 
as ideal in many cases, the ideal device can never be made. Any device has limitations, and 
the IC op-amp is no exception. Op-amps have both voltage and current limitations. Peak- 
to-peak output voltage, for example, is usually limited to slightly less than the two supply 
voltages. Output current is also limited by internal restrictions such as power dissipation 
and component ratings. 

Characteristics of a practical op-amp are very high voltage gain, very high input imped- 
ance, and very low output impedance. These are labelled in Figure 12—2(b). Another practi- 
cal consideration is that there is always noise generated within the op-amp. Noise is an 
undesired signal that affects the quality of a desired signal. Today, circuit designers are using 
smaller voltages that require high accuracy, so low-noise components are in greater demand. 
All circuits generate noise; op-amps are no exception, but the amount can be minimized. 


Internal Block Diagram of an Op-Amp__A typical op-amp is made up of three types of 
amplifier circuits: a differential amplifier, a voltage amplifier, and a push-pull amplifier, as 
shown in Figure 12-3. The differential amplifier is the input stage for the op-amp. It pro- 
vides amplification of the difference voltage between the two inputs. The second stage is usu- 
ally aclass A amplifier that provides additional gain. Some op-amps may have more than one 
voltage amplifier stage. A push-pull class B amplifier is typically used for the output stage. 


Push-pull 
amplifier 
output 
stage 


Differential Voltage 
amplifier(s) 


gain stage 


amplifier 
input stage 


) Mod 


A FIGURE 12-3 


Basic internal arrangement of an op-amp. 


Op-Amp INPUT MODES AND PARAMETERS 


The differential amplifier was introduced in Chapter 6. The term differential comes from 
the amplifier’s ability to amplify the difference of two input signals applied to its inputs. 
Only the difference in the two signals is amplified; if there is no difference, the output is 
zero. The differential amplifier exhibits two modes of operation based on the type of input 
signals. These modes are differential and common, which are described in the next section. 
Since the differential amplifier is the input stage of the op-amp, the op-amp exhibits the 
same modes. 


° 
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e the connections to a basic op-amp? 


aplifier stages in a typical op-amp. 
es a differential amplifier amplify? 


be some of the characteristics of a practical op-amp. 


12—2 Op-Amp INPUT MODES AND PARAMETERS 


In this section, important op-amp input modes and several parameters are defined. 
Also several common IC op-amps are compared in terms of these parameters. 


After completing this section, you should be able to 


4 Discuss op-amp modes and several parameters 
¢ Identify the schematic symbol and IC package terminals 
4 Describe the input signal modes 
¢ Explain the differential mode ¢ Explain the common mode 
4 Define and discuss op-amp parameters 
¢ Define common-mode rejection ratio(CMRR) ¢ Calculate the CMRR 
¢ Express the CMRR in decibels ¢ Define open-loop voltage gain 
« Explain maximum output voltage swing ¢ Explain input offset voltage 
¢ Explain input bias current ¢ Explain input impedance ¢ Explain input 
offset current ¢ Explain output impedance ~¢ Explain slew rate 
¢ Explain frequency response 
4 Compare op-amp parameters for several devices 


Input Signal Modes 


Recall that the input signal modes are determined by the differential amplifier input stage 
of the op-amp. 


Differential Mode In the differential mode, either one signal is applied to an input 
with the other input grounded or two opposite-polarity signals are applied to the inputs. 
When an op-amp is operated in the single-ended differential mode, one input is grounded 
and a signal voltage is applied to the other input, as shown in Figure 12—4. In the case 
where the signal voltage is applied to the inverting input as in part (a), an inverted, ampli- 
fied signal voltage appears at the output. In the case where the signal is applied to the non- 
inverting input with the inverting input grounded, as in Figure 12—4(b), a noninverted, 
amplified signal voltage appears at the output. 
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> FIGURE 12-4 


Single-ended differential mode. 


> FIGURE 12-5 


Double-ended differential mode. 


Vin 


Veit = Vom 


Vin 
(a) (b) 


In the double-ended differential mode, two opposite-polarity (out-of-phase) signals 
are applied to the inputs, as shown in Figure 12—5(a). The amplified difference between 
the two inputs appears on the output. Equivalently, the double-ended differential mode 
can be represented by a single source connected between the two inputs, as shown in 
Figure 12—5(b). 


Common Mode In the common mode, two signal voltages of the same phase, fre- 
quency, and amplitude are applied to the two inputs, as shown in Figure 12—6. When 
equal input signals are applied to both inputs, they tend to cancel, resulting in a zero out- 
put voltage. 


> FIGURE 12-6 


Common-mode operation. 


This action is called common-mode rejection. Its importance lies in the situation where 
an unwanted signal appears commonly on both op-amp inputs. Common-mode rejection 
means that this unwanted signal will not appear on the output and distort the desired signal. 
Common-mode signals (noise) generally are the result of the pick-up of radiated energy on 
the input lines, from adjacent lines, the 60 Hz power line, or other sources. 


Op-Amp Parameters 


Common-Mode Rejection Ratio Desired signals can appear on only one input or with 
opposite polarities on both input lines. These desired signals are amplified and appear on 
the output as previously discussed. Unwanted signals (noise) appearing with the same po- 
larity on both input lines are essentially cancelled by the op-amp and do not appear on the 
output. The measure of an amplifier’s ability to reject common-mode signals is a parame- 
ter called the CMRR (common-mode rejection ratio). 

Ideally, an op-amp provides a very high gain for differential-mode signals and zero gain for 
common-mode signals. Practical op-amps, however, do exhibit a very small common-mode 


Op-Amp INPUT MODES AND PARAMETERS ® 


gain (usually much less than 1), while providing a high open-loop differential voltage gain 
(usually several thousand). The higher the open-loop gain with respect to the common-mode 
gain, the better the performance of the op-amp in terms of rejection of common-mode signals. 
This suggests that a good measure of the op-amp’s performance in rejecting unwanted 
common-mode signals is the ratio of the open-loop differential voltage gain, A,), to the 
common-mode gain, A,,,. This ratio is the common-mode rejection ratio, CMRR. 


Agi 
Acm 
The higher the CMRR, the better. A very high value of CMRR means that the open-loop 


gain, A,), is high and the common-mode gain, A,,,,, is low. 
The CMRR is often expressed in decibels (dB) as 


CMRR = Equation 12-1 


CMRR = 20 log (= ) Equation 12-2 
Acm 

The open-loop voltage gain, A,), of an op-amp is the internal voltage gain of the de- 
vice and represents the ratio of output voltage to input voltage when there are no external 
components. The open-loop voltage gain is set entirely by the internal design. Open-loop 
voltage gain can range up to 200,000 (106 dB) and is not a well-controlled parameter. 
Datasheets often refer to the open-loop voltage gain as the large-signal voltage gain. 

A CMRR of 100,000, for example, means that the desired input signal (differential) is 
amplified 100,000 times more than the unwanted noise (common-mode). If the amplitudes 
of the differential input signal and the common-mode noise are equal, the desired signal 
will appear on the output 100,000 times greater in amplitude than the noise. Thus, the 
noise or interference has been essentially eliminated. 
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EXAMPLE 12-1 A certain op-amp has an open-loop differential voltage gain of 100,000 and a 
common-mode gain of 0.2. Determine the CMRR and express it in decibels. 


Solution Ao = 100,000, and Agmn = 0.2. Therefore, 


CMRR = 22 = 100.000 _ 500,000 
J 0.2 ; 


Expressed in decibels, 


CMRR = 20 log (500,000) = 114 dB 


Related Problem Determine the CMRR and express it in dB for an op-amp with an open-loop differen- 
tial voltage gain of 85,000 and a common-mode gain of 0.25. 


“Answers can be found at www.pearsonhighered.com/floyd. 


Maximum Output Voltage Swing (Vop_p)) With no input signal, the output of an op- 
amp is ideally 0 V. This is called the quiescent output voltage. When an input signal is ap- 
plied, the ideal limits of the peak-to-peak output signal are +Voc. In practice, however, 
this ideal can be approached but never reached. Voyp-p) varies with the load connected to 
the op-amp and increases directly with load resistance. For example, the Fairchild KA741 
datasheet shows a typical Voyp-p) of +13 V for Veco = £15 V when R; = 2k. Vovp-p) 
increases to +14 V when R; = 10kQ. 

Some op-amps do not use both positive and negative supply voltages. One example is 
when a single de voltage source is used to power an op-amp that drives an analog-to-digital 
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GREENTECH NOTE 


Designers today are “going green” 
by reducing power in op-amps and 
applications. To reduce power 
dissipated by op-amps, lower 
voltage supplies can be used as 
well as greater reliance on CMOS. 
In some cases, CMOS requires only 
a few picoamps of bias current, 
which helps designers reduce 
current in the external circuit. 


Equation 12-3 


» FIGURE 12-8 


Op-amp input impedance. 


converter (discussed in Chapter 14). In this case, the op-amp output is designed to operate 
between ground and a full scale output that is near (or at) the positive supply voltage. 
Op-amps that operate on a single supply use the terminology Voy and Voy to specify the 
maximum and minimum output voltage. (Note that these are not the same as the digital def- 
initions of Vo, and Vox.) 


Input Offset Voltage The ideal op-amp produces zero volts out for zero volts in. In a 
practical op-amp, however, a small de voltage, VouT(error), appears at the output when no 
differential input voltage is applied. Its primary cause is a slight mismatch of the base- 
emitter voltages of the differential amplifier input stage of an op-amp. 

As specified on an op-amp datasheet, the input offset voltage, Vog, is the differential dc 
voltage required between the inputs to force the output to zero volts. Typical values of 
input offset voltage are in the range of 2 mV or less. In the ideal case, it is 0 V. 

The input offset voltage drift is a parameter related to Vog that specifies how much 
change occurs in the input offset voltage for each degree change in temperature. Typical 
values range anywhere from about 5 wV per degree Celsius to about 50 wV per degree 
Celsius. Usually, an op-amp with a higher nominal value of input offset voltage exhibits a 
higher drift. 


Input Bias Current You have seen that the input terminals of a bipolar differential am- 
plifier are the transistor bases and, therefore, the input currents are the base currents. 

The input bias current is the dc current required by the inputs of the amplifier to prop- 
erly operate the first stage. By definition, the input bias current is the average of both input 
currents and is calculated as follows: 


+h 
Tgras = ae 


The concept of input bias current is illustrated in Figure 12-7. 


» FIGURE 12-7 


Input bias current is the average of Yi 


the two op-amp input currents. 
Vour 


+h 
IpIas = 


Input Impedance Two basic ways of specifying the input impedance of an op-amp are 
the differential and the common mode. The differential input impedance is the total resist- 
ance between the inverting and the noninverting inputs, as illustrated in Figure 12—8(a). 
Differential impedance is measured by determining the change in bias current for a given 
change in differential input voltage. The common-mode input impedance is the resistance 
between each input and ground and is measured by determining the change in bias current 
for a given change in common-mode input voltage. It is depicted in Figure 12—8(b). 


(a) Differential input impedance (b) Common-mode input impedance 
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Input Offset Current Ideally, the two input bias currents are equal, and thus their dif- 
ference is zero. In a practical op-amp, however, the bias currents are not exactly equal. 

The input offset current, Igg, is the difference of the input bias currents, expressed as an 
absolute value. 


Tos = | - Dl 


Actual magnitudes of offset current are usually at least an order of magnitude (ten times) 
less than the bias current. In many applications, the offset current can be neglected. 
However, high-gain, high-input impedance amplifiers should have as little Jos as possible 
because the difference in currents through large input resistances develops a substantial 
offset voltage, as shown in Figure 12-9. 


+Vp 0 


Vos © Vout(error) 


<«— 1, | 
+Vp. 0 


The offset voltage developed by the input offset current is 


Vos = Rin — bRin = Ch — 1) Rin 
Vos = LosRin 


The error created by Jog is amplified by the gain A,, of the op-amp and appears in the 
output as 


Voutcerror) = A,losRin 


A change in offset current with temperature affects the error voltage. Values of tempera- 
ture coefficient for the offset current in the range of 0.5 nA per degree Celsius are common. 


Output Impedance The output impedance is the resistance viewed from the output ter- 
minal of the op-amp, as indicated in Figure 12-10. 


< FIGURE 12-10 


° Op-amp output impedance. 


Slew Rate The maximum rate of change of the output voltage in response to a step input 
voltage is the slew rate of an op-amp. The slew rate is dependent upon the high-frequency 
response of the amplifier stages within the op-amp. 

Slew rate is measured with an op-amp connected as shown in Figure 12—11(a). This 
particular op-amp connection is a unity-gain, noninverting configuration that will be dis- 
cussed in Section 12—4. It gives a worst-case (slowest) slew rate. Recall that the high- 
frequency components of a voltage step are contained in the rising edge and that the upper 
critical frequency of an amplifier limits its response to a step input. For a step input, the 
slope on the output is inversely proportional to the upper critical frequency. Slope in- 
creases as upper critical frequency decreases. 


Equation 12-4 


<@ FIGURE 12-9 
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Effect of input offset current. 


Equation 12-5 


Equation 12-6 
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» FIGURE 12-11 


Slew-rate measurement. 


Equation 12-7 


Vin 0 
tVinax FOOT TT OT 
O Vou nae 
ue O 
arr 0 
R 
= Vina At ——>1 
(a) Test circuit (b) Step input voltage and the resulting output voltage 


A pulse is applied to the input and the resulting ideal output voltage is indicated in 
Figure 12-11(b). The width of the input pulse must be sufficient to allow the output to 
“slew” from its lower limit to its upper limit. A certain time interval, Ar, is required for the 
output voltage to go from its lower limit —V,,,, to its upper limit +V,q,, once the input 
step is applied. The slew rate is expressed as 


o the upper limit in 1 ws. Since this response is not 
90% points, as indicated. So, the upper limit is +9 V 
/ rate is 

_ +9V -(-9V) 
lps 


= 18 V/us 


the output voltage goes from —8 V to +7 V 
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Frequency Response The internal amplifier stages that make up an op-amp have volt- 
age gains limited by junction capacitances, as discussed in Chapter 10. Although the 
differential amplifiers used in op-amps are somewhat different from the basic amplifiers 
discussed earlier, the same principles apply. An op-amp has no internal coupling capaci- 
tors, however; therefore, the low-frequency response extends down to de (0 Hz). 


Noise Specification Noise has become a more important issue in new circuit designs 
because of the requirement to run at lower voltages and with greater accuracy than in 
the past. As little as two or three microvolts can create errors in analog-to-digital con- 
version. Many sensors produce only tiny voltages that can be masked by noise. As a 
result, unwanted noise from op-amps and components can degrade the performance of 
circuits. 

Noise is defined as an unwanted signal that affects the quality of a desired signal. While 
interference from an external source (such as a nearby power line) qualifies as noise, for 
the purpose of op-amp specifications, interference is not included. Only noise generated 
within the op-amp is considered in the noise specification. When the op-amp is added to a 
circuit, additional noise contributions are added from other circuit elements, such as the 
feedback resistors or any sensors. For example, all resistors generate thermal noise—even 
one sitting in the parts bin. The circuit designer must consider all sources within the 
circuit, but the concern here is the op-amp specification for noise, which only considers the 
op-amp. 

There are two basic forms of noise. At low frequencies, noise is inversely proportional 
to the frequency; this is called 1/f noise or “pink noise”. Above a critical noise frequency, 
the noise becomes flat and is spread out equally across the frequency spectrum; this is 
called “white noise”. The power distribution of noise is measured in watts per hertz 
(W/Hz). Power is proportional to the square of the voltage, so noise voltage (density) is 
found by taking the square root of the noise power density, resulting in units of volts per 
square root hertz (V/VHz). For operational amplifiers, noise level is normally shown with 
units of nV/Hz and is specified relative to the input at a specific frequency above the 
noise critical frequency. For example, a noise level graph for a very low-noise op-amp is 
shown in Figure 12-13; the specification for this op-amp will indicate that the input volt- 
age noise density at 1 kHz is 1.1 nV/Hz. At low frequencies, the noise level is higher 
than this due to the 1/fnoise contribution as you can see from the graph. 


100 <q FIGURE 12-13 
Noise as a function of frequency for 
a typical op-amp. 
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Comparison of Op-Amp Parameters 


Table 12—1 provides a comparison of values showing selected parameters for some repre- 
sentative op-amps. As you can see from the table, there is a wide difference in certain spec- 
ifications. All designs involve certain compromises, so in order for designers to optimize 
one parameter, they must often sacrifice another parameter. Choosing an op-amp for a 
particular application depends on which parameters are important to optimize. Parameters 
depend on the conditions for which they are measured. For details on any of these specifi- 
cations, consult the datasheet. 

Most available op-amps have three important features: short-circuit protection, no latch- 
up, and input offset nulling. Short-circuit protection keeps the circuit from being damaged if 
the output becomes shorted, and the no latch-up feature prevents the op-amp from hanging 
up in one output state (high or low voltage level) under certain input conditions. Input offset 
nulling is achieved by an external potentiometer that sets the output voltage at precisely zero 
with zero input. 


v TABLE 12-1 


GAIN- INPUT INPUT 
BANDWIDTH OFFSET BIAS 
PRODUCT VOLTAGE CURRENT 
(MHz) (mV) (nA) 
(TYP) (MAX) (MAX) COMMENT 
AD8009 50 N/A 320! 5 150 5500 Extremely fast, low distortion, uses 
current feedback 
AD8055 82 il 5 1200 1400 Low noise, fast, wide bandwidth, 
gain flatness 0.1 dB, video driver 
ADA4891 68 907 2500 0.002 170 CMOS-extremely low bias current, 
very fast, useful as video amplifier 
ADA4092 85 118 1.3} 0.2 50 0.4 Single supply (2.7 V to 36 V) or 
two supply operation, low power 
FAN4931 73 102 4 6 0.005 3 Low cost CMOS, low power, out- 


put swings to within 10 mV of rail, 
extremely high input resistance 


FHP3130 95 100 60 1 1800 110 High current output (to 100 mA) 

FHP3350 90 55 190 1 50 800 High speed; useful as video amp 

LM741C 70 106 il 6 500 0.5 General-purpose, overload 
protection, industry standard 

LM7171 110 90 100 hes) 1000 3600 Very fast, high CMRR, useful as an 
instrumentation amplifier 

LMH6629 87 79 800° 0.15 23000 530 Fast, ultra low noise, low voltage 

OPM 130 142 0.01 1.5 0.3 Ultra-precision; very high CMRR 
and stability 

OPA369 114 134 0.012 0.25 0.010 0.005 Extremely low power, low voltage, 
rail-to-rail. 

OPA378 100 110 0.9 0.02 0.15 0.4 Precision, very low drift, low noise 

OPA847 110 98 3900 0.1 42,000 950 Ultra low-noise, wide bandwidth 


amplifier, voltage feedback 


'Depends on gain; gain = 10 is shown 
Depends on gain; gain = 2 is shown 
3Small signal 


NEGATIVE FEEDBACK 
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mode rejection. 


‘or lower CMRR? 
p-amp parameters. 
fe measured? 


een single-ended and double-ended differential mode. 


of open-loop differential gain, does a higher common-mode gain 


12—3 NEGATIVE FEEDBACK 


Negative feedback is one of the most useful concepts in electronics, particularly in 
op-amp applications. Negative feedback is the process whereby a portion of the 
output voltage of an amplifier is returned to the input with a phase angle that 
opposes (or subtracts from) the input signal. 


After completing this section, you should be able to 


a Explain negative feedback in op-amps 
4 Discuss why negative feedback is used 
¢ Describe the effects of negative feedback on certain op-amp parameters 


Negative feedback is illustrated in Figure 12-14. The inverting (—) input effectively 
makes the feedback signal 180° out of phase with the input signal. 


oe <4 FIGURE 12-14 


Illustration of negative feedback. 


Internal inversion makes Vy 
180° out of phase with V,,,. 


Negative 
feedback 
circuit 


Why Use Negative Feedback? 


As you can see in Table 12-1, the inherent open-loop voltage gain of a typical op-amp is 
very high (usually greater than 100,000). Therefore, an extremely small input voltage 
drives the op-amp into its saturated output states. In fact, even the input offset voltage of 
the op-amp can drive it into saturation. For example, assume Vjj = 1 mV and A,; = 
100,000. Then, 


VinAo = (1 mV)(100,000) = 100 V 


Since the output level of an op-amp can never reach 100 V, it is driven deep into saturation 
and the output is limited to its maximum output levels, as illustrated in Figure 12-15 for 
both a positive and a negative input voltage of 1 mV. 

The usefulness of an op-amp operated without negative feedback is generally limited to 
comparator applications (to be studied in Chapter 13). With negative feedback, the closed- 
loop voltage gain (A,;) can be reduced and controlled so that the op-amp can function as a 
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FIGURE 12-15 +VMax 
Without negative feedback, a small aiid 
input voltage drives the op-amp to 0 
its output limits and it becomes 
nonlinear. 
-Il mV 
0 
—VMax 


linear amplifier. In addition to providing a controlled, stable voltage gain, negative feedback 
also provides for control of the input and output impedances and amplifier bandwidth. Table 
12-2 summarizes the general effects of negative feedback on op-amp performance. 


TABLE 2-2 

VOLTAGE GAIN INPUT Z OUTPUT Z BANDWIDTH 
Without negative Ag) 1s too high for linear Relatively high Relatively low Relatively narrow 
feedback amplifier applications (see Table 12-1) (because the gain is 

so high) 

With negative A,,; 1s set to desired Can be increased or Can be reduced to a Significantly wider 
feedback value by the feedback reduced to a desired desired value 

circuit value depending on 


type of circuit 


1. What are the benefits of negative feedback in an op-amp circuit? 


2. Why is it generally necessary to reduce the gain of an op-amp from its open-loop 
value? 


12—4 Op-AMPS WITH NEGATIVE FEEDBACK 


An op-amp can be connected using negative feedback to stabilize the gain and increase 
frequency response. Negative feedback takes a portion of the output and applies it 
back out of phase with the input, creating an effective reduction in gain. This closed- 
loop gain is usually much less than the open-loop gain and independent of it. 


After completing this section, you should be able to 


4 Analyze op-amps with negative feedback 

4 Discuss closed-loop voltage gain 

4 Identify and analyze the noninverting op-amp configuration 
a Identify and analyze the voltage-follower configuration 

4 Identify and analyze the inverting amplifier configuration 


Op-AmpPs WITH NEGATIVE FEEDBACK 


Closed-Loop Voltage Gain, A,; 


The closed-loop voltage gain is the voltage gain of an op-amp with external feedback. 
The amplifier configuration consists of the op-amp and an external negative feedback cir- 
cuit that connects the output to the inverting input. The closed-loop voltage gain is deter- 
mined by the external component values and can be precisely controlled by them. 


Noninverting Amplifier 


An op-amp connected in a closed-loop configuration as a noninverting amplifier with a 
controlled amount of voltage gain is shown in Figure 12-16. The input signal is applied to 
the noninverting (+) input. The output is applied back to the inverting (—) input through 
the feedback circuit (closed loop) formed by the input resistor R; and the feedback resistor 
Ry This creates negative feedback as follows. Resistors R; and Ry form a voltage-divider 
circuit, which reduces V,,,, and connects the reduced voltage V; to the inverting input. The 


feedback voltage is expressed as 
V Rj yy 
f R; + Ry ad 


<@ FIGURE 12-16 


Noninverting amplifier. 


V, 
ci A Feedback 


= circuit 
RS 


The difference of the input voltage, V;,,, and the feedback voltage, Vp is the differential 
input to the op-amp, as shown in Figure 12-17. This differential voltage is amplified by the 
open-loop voltage gain of the op-amp (A,,) and produces an output voltage expressed as 


Vout = Agi(Vin — V/) 
The attenuation, B, of the feedback circuit is 
R; 
B= 
Ri + Re 


Substituting BV,,,, for Vyin the V,,, equation, 
Vour = Aot Vin — BVout) 


<< FIGURE 12-17 
Vga Va | 7 Differential input, Vj, — Vs. 
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Then applying basic algebra, 
Vout = AoiVin = Aoi BV out 
Vout + AgtBVout = AotVin 
Vout + AGB) = AoiVin 


Since the overall voltage gain of the amplifier in Figure 12-16 is V,,;/Vin, it can be ex- 
pressed as 


Vout _ Aoi 


Vin 1 + AgB 


The product A,/B is typically much greater than 1, so the equation simplifies to 


Vout = Aoi = 1 
Vin AgB  B 


The closed-loop gain of the noninverting (NI) amplifier is the reciprocal of the attenua- 
tion (B) of the feedback circuit (voltage-divider). 
r Vour _ 1 Ri + Ry 
cl(ND Vin — B R; 


Therefore, 


Rr 
Equation 12-8 Aunt) =1+ R. 
i 


Notice that the closed-loop voltage gain is not at all dependent on the op-amp’s open-loop 
voltage gain under the condition A,,B >> 1. The closed-loop gain can be set by selecting 
values of R; and Rp 


gain of the amplifier in Figure 12-18. 


Vin 
V, 


out 


Rr 
100 kO 


= 1 
4.7kO 


onfiguration. Therefore, the closed-loop voltage gain is 


Ry 100kO, 
| = = = 1 ata = 
ef R; 4.7kO 


ito 150 kQ, determine the closed-loop gain. 


(UNE, pen tl : the Examples folder on the companion website. 


Op-AmpPs WITH NEGATIVE FEEDBACK 


Voltage-Follower 


The voltage-follower configuration is a special case of the noninverting amplifier where 
all of the output voltage is fed back to the inverting (—) input by a straight connection, as 
shown in Figure 12-19. As you can see, the straight feedback connection has a voltage 
gain of | (which means there is no gain). The closed-loop voltage gain of a noninverting 
amplifier is 1/B as previously derived. Since B = | for a voltage-follower, the closed-loop 
voltage gain of the voltage-follower is 


Avr) = 1 


<@ FIGURE 12-19 


Op-amp voltage-follower. 


out 


The most important features of the voltage-follower configuration are its very high 
input impedance and its very low output impedance. These features make it a nearly ideal 
buffer amplifier for interfacing high-impedance sources and low-impedance loads. This is 
discussed further in Section 12-5. 


Inverting Amplifier 


An op-amp connected as an inverting amplifier with a controlled amount of voltage gain 
is shown in Figure 12—20. The input signal is applied through a series input resistor R; to 
the inverting (—) input. Also, the output is fed back through R; to the same input. The non- 
inverting (+) input is grounded. 


Ry <@ FIGURE 12-20 


Inverting amplifier. 


out 


Vie 


At this point, the ideal op-amp parameters mentioned earlier are useful in simplifying the 
analysis of this circuit. In particular, the concept of infinite input impedance is of great 
value. An infinite input impedance implies zero current at the inverting input. If there is zero 
current through the input impedance, then there must be no voltage drop between the 
inverting and noninverting inputs. This means that the voltage at the inverting (—) input is 
zero because the noninverting (+) input is grounded. This zero voltage at the inverting input 
terminal is referred to as virtual ground. This condition is illustrated in Figure 12—21(a). 

Since there is no current at the inverting input, the current through R; and the current 
through Ry are equal, as shown in Figure 12—21(b). 


I; =Tff 


Equation 12-9 
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> FIGURE 12-21 


Virtual ground concept and closed- 
loop voltage gain development for 
the inverting amplifier. 


Equation 12-10 


Virtual ground (0 V) 


iy 
Rj 
Vin ie, AMA, Vin ° 
0 V Vat Vow 
(a) Virtual ground (b) J, = J, and current at the inverting input (/;) is 0. 


The voltage across R; equals V;,, because the resistor is connected to virtual ground at the 
inverting input of the op-amp. Therefore, 
ae 
in R; 


Also, the voltage across Ry equals —V,,,, because of virtual ground, and therefore, 


=V; 
Ip = out 
Since Ip = Tin, 
Vout _ Vin 
Ry R; 
Rearranging the terms, 
Vou _ _ 
Vj R; 


Of course, Voy:/Vin is the overall gain of the inverting (I) amplifier. 


Equation 12-10 shows that the closed-loop voltage gain of the inverting amplifier 
(A,i) is the ratio of the feedback resistance (Ry) to the input resistance (Rj). The closed- 
loop gain is independent of the op-amp’s internal open-loop gain. Thus, the negative feed- 
back stabilizes the voltage gain. The negative sign indicates inversion. 


EXAMPLE 12-4 


Given the op-amp configuration in Figure 12—22, determine the value of Ry required to 
produce a closed-loop voltage gain of — 100. 


» FIGURE 12-22 


out 
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Solution Knowing that R; = 2.2 kQ, and the absolute value of the closed-loop gain is 
|Aci@| = 100, calculate Ryas follows: 


R 
f 
Aamnl = — 
| cx] R; 
Ry = lAciay|Ri = (100)(2.2kQ) = 220k0, 


Related Problem If R; is changed to 2.7k in Figure 12-22, what value of Ry is required to produce a 
closed-loop gain with an absolute value of 25? 


Open the Multisim file E12-04 in the Examples folder on the companion website. The 
circuit has a value of Ry which was calculated to be 220 kQ.. Measure the closed-loop 
voltage gain and see if it agrees with the specified value. 


e main purpose of negative feedback? 

sed-loop voltage gain of each of the op-amp configurations discussed is 

it on the internal open-loop voltage gain of the op-amp. (True or False) 

ation of the negative feedback circuit of a noninverting op-amp configura- 
| is 0.02. What is the closed-loop gain of the amplifier? 


12—5 EFFeEcTS OF NEGATIVE FEEDBACK ON OpP-AMP IMPEDANCES 


Negative feedback affects the input and output impedances of an op-amp. The 
effects on both inverting and noninverting amplifiers are examined in this section. 


After completing this section, you should be able to 


4 Discuss how negative feedback affects op-amp impedances 
4 Analyze the noninverting amplifier impedances 
¢ Determine the input impedance ¢ Determine the output impedance 
4 Analyze the voltage-follower impedances 
¢ Determine the input impedance and output impedance 
4 Analyze the inverting amplifier impedances 
¢ Determine the input impedance ¢ Determine the output impedance 


Impedances of the Noninverting Amplifier 


Input Impedance The input impedance of a noninverting amplifier can be developed 
with the aid of Figure 12—23. For this analysis, assume a small differential voltage, Vz, 
exists between the two inputs, as indicated. This means that you cannot assume the op-amp’s 
input impedance to be infinite or the input current to be zero. Express the input voltage as 


Vin = Va =F Ve 
Substituting BV,,,; for the feedback voltage, V», yields 
Vin = Va + BV out 


Remember, B is the attenuation of the negative feedback circuit and is equal to 
Ri/(Rj + Rp). 
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> FIGURE 12-23 


Vin 


Since Vout = AgiVa (Ao: is the open-loop gain of the op-amp), 
Vin = Va + AgiBVag = CL + AoiB)Va 
Now substituting J;,Z;, for Vz, 
Vin a dd + AgiByinZin 

where Z;,, is the open-loop input impedance of the op-amp (without feedback connections). 

Vin = 

7 ~ a Te AgiB)Zin 

m 
V,/Tin is the overall input impedance of a closed-loop noninverting amplifier configuration. 
Equation 12-11 Zin(ND = (1 + Ag B)Zin 


This equation shows that the input impedance of the noninverting amplifier configuration 
with negative feedback is much greater than the internal input impedance of the op-amp 
itself (without feedback). 


Output Impedance An expression for output impedance of a noninverting amplifier 
can be developed with the aid of Figure 12-24. 


> FIGURE 12-24 AaMs 


Z _ Vout 
‘out (NI) — T 
out 


O Vous 


By applying Kirchhoff’s voltage law to the output circuit, 
Vout = AoiVa — Zoutlout 


The differential input voltage is Vy = Vi, — Vy; therefore, by assuming that 
AgVWa >> Zoulour, you can express the output voltage as 


Vout = AotVin — 7) 
Substituting BV,,, for Vp, 
Vou = AgiVin _ BV out) 
Expanding and factoring yields 
Vout = AgiVin — AotBVout 
AaiVin = Vout + Ag BV out = ad + AgiB)Vout 
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Since the output impedance of the noninverting amplifier configuration is Zoy,N1) = 
Voutlour you can substitute LoyZouNt) for Vous; therefore, 


AoVin = dd ae Ao iB ouZout(Nt) 
Dividing both sides of the previous expression by [,,, 
AolV; 
ae = 1 + Ag B)Zouny 
out 


The term on the left is the internal output impedance of the op-amp (Z,,,,) because, without 
feedback, A,jVin = Vo, Therefore, 


Zout = d oh Ao B)ZounNnt) 
Thus, 


z = Lout 
out(NI) 1+ A,B 
This equation shows that the output impedance of the noninverting amplifier configuration 


with negative feedback is much less than the internal output impedance, Z,,,,, of the op- 
amp itself (without feedback) because Z,,; is divided by the factor | + A,,B. 


Equation 12-12 


EXAMPLE 12-5 (a) Determine the input and output impedances of the amplifier in Figure 12-25. The 
op-amp datasheet gives Z;, = 2MQ, Z,,; = 75 ©, andA,; = 200,000. 


(b) Find the closed-loop voltage gain. 


® FIGURE 12-25 


in 


Solution (a) The attenuation, B, of the feedback circuit is 


Ri 10kO 
1S = = 0.0435 
Ri+ Ry  230k0 


Zinoxy) = CL + AgiB)Zin = [1 + (200,000)(0.0435)](2 MQ) 


= (1 + 8700)(2MQ) = 17.4G0, 


This is such a large number that, for all practical purposes, it can be assumed to be 


infinite as in the ideal case. 


Zout 75 0 


Z = = 
As 61 8700 


= 8.6m 


This is such a small number that, for all practical purposes, it can be assumed to be 


zero as in the ideal case. 


R 
¢: 220k 
pee be = 1 + = 23.0 
(b) Aco R; 10kO 
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Related Problem 


it Measure the closed-loop voltage gain and compare with the calculated value. 


(a) Determine the input and output impedances in Figure 12—25 for op-amp datasheet 
values of Z;, = 3.5 MQ, Z,,; = 82 0, and A,; = 135,000. 


(b) Find Ay. 


Open the Multisim file E12-05 in the Examples folder on the companion website. 


Equation 12-13 


Equation 12-14 


Voltage-Follower Impedances 


Since a voltage-follower is a special case of the noninverting amplifier configuration, the 
same impedance formulas are used but with B = 1. 


ZinwvEF) = (L + Ao)Zin 


Zout 


Zout(VF) = 1+A, 
0 


As you can see, the voltage-follower input impedance is greater for a given A, and Z;,, than 
for the noninverting amplifier configuration with the voltage-divider feedback circuit. 
Also, its output impedance is much smaller. 


EXAMPLE 12-6 


Solution 


Related Problem 


The op-amp in Example 12-5 is used in a voltage-follower configuration. Determine 
the input and output impedances. 
Since B = 1, 
Zin(VE) — ad te Ao) Zin = ( = 200,000)(2 MQ) = 400GQO 
Zout 75 0, 
1+A,; 1 + 200,000 


ZoutVF) = = 375 pO 


Notice that Zj,¢yp) is much greater than Zjj(nq), aNd Zo,,,yF) 1s much less than Zp, N1) 
from Example 12-5. Again for all practical purposes, the ideal values can be assumed. 


If the op-amp in this example is replaced with one having a higher open-loop gain, 
how are the input and output impedances affected? 


Impedances of the Inverting Amplifier 


The input and output impedances of an inverting op-amp configuration are developed 
with the aid of Figure 12—26. Both the input signal and the negative feedback are applied, 
through resistors, to the inverting (—) terminal as shown. 


> FIGURE 12-26 Ry 
Inverting amplifier. AW 


out 


Virtual ground 
(OV) 
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Input Impedance The input impedance for an inverting amplifier is 
Zin) = R; Equation 12-15 
This is because the inverting input of the op-amp is at virtual ground (0 V), and the input R, 
source simply sees R; to ground, as shown in Figure 12-27. Vi, 
Virtual ground 
Output Impedance As with a noninverting amplifier, the output impedance of an in- P i 


verting amplifier is decreased by the negative feedback. In fact, the expression is the same = 


as for the noninverting case. A FIGURE 12-27 


Z = —Zout__ Equation 12-16 

ou) 1 + AGB 
The output impedance of both the noninverting and the inverting amplifier configura- 
tions is very low; in fact, it is almost zero in practical cases. Because of this near zero 
output impedance, any load impedance within limits can be connected to the op-amp 
output and not change the output voltage. The limits for the load impedance are deter- 
mined by the maximum peak-to-peak swing of the output (Vop-py) and the current limit 
of the op-amp. 


EXAMPLE 12-7 Find the values of the input and output impedances in Figure 12—28. Also, determine 
the closed-loop voltage gain. The op-amp has the following parameters: A,; = 50,000; 
Zin = 4MQ,; and Z,,; = 500. 


® FIGURE 12-28 


out 


Solution Zing = R; = 1.0k0, 
The feedback attenuation, B, is 


. J a 
R,+Rp 101kKQ 


Then 


Zout 500, 
1+ A,B 1 + (50,000)(0.001) 


Lai) = 


= 980 mQ (zero for all practical purposes) 
The closed-loop voltage gain is 


Rr 100kO 
R; = 1.0kO 
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Related Problem Determine the input and output impedances and the closed-loop voltage gain in Figure 
12-28. The op-amp parameters and circuit values are as follows: A,; = 100,000; Z;, = 
5 MQ; Zou, = 75.0; Ri = 560 0; and Rp = 82 k0. 


Open the Multisim file E12-07 in the Examples folder on the companion website 
and measure the closed-loop voltage gain. Compare to the calculated result. 


he input impedance of a noninverting amplifier configuration compare to 
ut impedance of the op-amp itself? 

in op-amp is connected in a voltage-follower configuration, does the input im- 
crease or decrease? 


that Rp = 100kO; Rj = 2kO;Ag, = 120,000; Zin = 2MO; and Z,; = 
, what are Zin) and Zo) for an inverting amplifier configuration? 


12-6 BIAS CURRENT AND OFFSET VOLTAGE 


Certain deviations from the ideal op-amp must be recognized because of their effects 
on its operation. Transistors within the op-amp must be biased so that they have the 
correct values of base and collector currents and collector-to-emitter voltages. The 
ideal op-amp has no input current at its terminals; but in fact, the practical op-amp has 
small input bias currents typically in the nA range. Also, small internal imbalances in 
the transistors effectively produce a small offset voltage between the inputs. These 
nonideal parameters were described in Section 12-2. 


After completing this section, you should be able to 


4 Discuss bias current and offset voltage 

4 Describe the effect of input bias current 

4 Discuss bias current compensation 
¢ Explain bias current compensation in the voltage-follower ¢ Explain bias 
current compensation in the noninverting and inverting amplifiers ¢ Discuss the 
use of a BIFET 

4 Describe the effect of input offset voltage 

4 Discuss input offset voltage compensation 


Effect of Input Bias Current 


Figure 12—29(a) is an inverting amplifier with zero input voltage. Ideally, the current 
through R; is zero because the input voltage is zero and the voltage at the inverting (—) ter- 
minal is zero. The small input bias current, /,, is through Ry from the output terminal. /; 
creates a voltage drop across Rg, as indicated. The positive side of Ry is the output terminal, 
and therefore, the output error voltage is /; Ry when it should be zero. 
Figure 12—29(b) is a voltage-follower with zero input voltage and a source resistance, R,. 

In this case, an input bias current, /;, produces a drop across R, and creates an output volt- 
age error as shown. The voltage at the inverting input terminal decreases to —/,R, because 
the negative feedback tends to maintain a differential voltage of zero, as indicated. Since the 


Bias CURRENT AND OFFSET VOLTAGE 


(a) Input bias current creates output error voltage (/,R,) in an (b) Input bias current creates output error voltage in a voltage-follower. 
inverting amplifier. 


A FIGURE 12-29 


Effects of bias currents. 


inverting terminal is connected directly to the output terminal, the output error voltage 
is —I 1K. 

Figure 12—30 is a noninverting amplifier with zero input voltage. Ideally, the voltage at 
the inverting terminal is also zero, as indicated. The input bias current, /;, produces a volt- 
age drop across Ry and thus creates an output error voltage of /;R,, just as with the invert- 
ing amplifier. 


<@ FIGURE 12-30 


Input bias current creates output 
error voltage in a noninverting 
amplifier. 


Bias Current Compensation 


Voltage-Follower The output error voltage due to bias currents in a voltage-follower 
can be sufficiently reduced by adding a resistor, R,, equal to the source resistance, R,, in the 
feedback path, as shown in Figure 12-31. The voltage drop created by J; across the added 
resistor subtracts from the —J5R, output error voltage. If J; = J), then the output voltage is 
zero. Usually J, does not quite equal Jy; but even in this case, the output error voltage is 
reduced as follows because Jgg is less than /. 


Voutterror) = li — LlRs = IosRs 


where Jog is the input offset current. 


<@ FIGURE 12-31 
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Bias current compensation in a 
voltage-follower. 


OV (ifl,=1) 
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> FIGURE 12-32 


Bias current compensation in the 
noninverting and inverting amplifier 
configurations. 


0 Vour 


A FIGURE 12-33 


Input offset voltage equivalent. 


Noninverting and Inverting Amplifiers To compensate for the effect of bias current in 
the noninverting amplifier, a resistor R, is added, as shown in Figure 12—32(a). The com- 
pensating resistor value equals the parallel combination of k; and R;. The input current cre- 
ates a voltage drop across RK, that offsets the voltage across the combination of k; and Ry, 
thus sufficiently reducing the output error voltage. The inverting amplifier is similarly 
compensated, as shown in Figure 12—32(b). 


s 
V oisp Vous 
R; Vin 
S| SR = RMR, 
Vin @ 
(a) Noninverting amplifier (b) Inverting amplifier 


Use of a BIFET Op-Amp to Eliminate the Need for Bias Current Compensation The 
BIFET op-amp uses both BJTs and JFETs in its internal circuitry. The JFETs are used as the 
input devices to achieve a higher input impedance than is possible with standard BJT 
amplifiers. Because of their very high input impedance, BIFETs typically have input bias 
currents that are much smaller than in BJT op-amps, thus reducing or eliminating the need 
for bias current compensation. 


Effect of Input Offset Voltage 


The output voltage of an op-amp should be zero when the differential input is zero. 
However, there is always a small output error voltage present whose value typically ranges 
from microvolts to millivolts. This is due to unavoidable imbalances within the internal op- 
amp transistors aside from the bias currents previously discussed. In a negative feedback 
configuration, the input offset voltage Vjg can be visualized as an equivalent small dc volt- 
age source, as illustrated in Figure 12—33 for a voltage-follower. Generally, the output error 
voltage due to the input offset voltage is 


Vouterror) = AciVio 


For the case of the voltage-follower, A,; = 1, so 


Voutierror) = Vio 


Input Offset Voltage Compensation 


Most integrated circuit op-amps provide a means of compensating for offset voltage. This 
is usually done by connecting an external potentiometer to designated pins on the IC package, 
as illustrated in Figure 12—34(a) and (b) for a 741 op-amp. The two terminals are labelled 
offset null. With no input, the potentiometer is simply adjusted until the output voltage 
reads 0, as shown in Figure 12—34(c). 


OpeEN-LOopP FREQUENCY AND PHASE RESPONSES 


Offset null Ci) 8 BEV 


vam 4 ee) Offset null 


-V 
(a) 8-pin DIP or SMT package (b) External potentiometer (c) Adjust for zero output 


A FIGURE 12-34 


Input offset voltage compensation for a 741 op-amp. 
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1. What are two sources of dc output error voltages? 
2. How do you compensate for bias current in a voltage-follower? 


12-7 OPpeEN-LOOP FREQUENCY AND PHASE RESPONSES 


In this section, the open-loop frequency response and the open-loop phase response 
of an op-amp are covered. Open-loop responses relate to an op-amp with no exter- 
nal feedback. The frequency response indicates how the voltage gain changes with 
frequency, and the phase response indicates how the phase shift between the input 
and output signal changes with frequency. The open-loop gain, like the 6 of a tran- 
sistor, varies greatly from one device to the next of the same type and cannot be 
depended upon to have a constant value. 


After completing this section, you should be able to 


4 Analyze the open-loop frequency response of an op-amp 
4 Review and discuss op-amp voltage gains 
4 Discuss bandwidth limitations 
¢ Define the 3-dB open-loop bandwidth + Define the unity-gain bandwidth 
4 Analyze the gain vs. frequency 
4 Analyze the phase shift 
4 Discuss the overall frequency response 
4 Discuss the overall phase response 


Review of Op-Amp Voltage Gains 


Figure 12-35 illustrates the open-loop and closed-loop amplifier configurations. As shown 
in part (a), the open-loop voltage gain, A,;, of an op-amp is the internal voltage gain of the 
device and represents the ratio of output voltage to input voltage. Notice that there are no 
external components, so the open-loop voltage gain is set entirely by the internal design. In 
the closed-loop op-amp configuration shown in part (b), the closed-loop voltage gain, A,,, 
is the voltage gain of an op-amp with external feedback. The closed-loop voltage gain is 
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out 


(a) Open-loop (b) Closed-loop (inverting configuration) 


A FIGURE 12-35 


Open-loop and closed-loop op-amp configurations. 


determined by the external component values for an inverting amplifier configuration and 
is always less than the open-loop gain. The closed-loop voltage gain can be precisely con- 
trolled by external component values. The closed-loop response of op-amps is covered in 
Section 12-8. 


Bandwidth Limitations 


In the previous sections, all of the voltage gain expressions were based on the midrange 
gain and were considered independent of the frequency. The midrange open-loop gain of 
an op-amp extends from zero frequency (dc) up to a critical frequency at which the gain 
is 3 dB less than the midrange value. This concept should be familiar from your study of 
Chapter 10. Op-amps are dc amplifiers (no capacitive coupling between stages), and 
therefore, there is no lower critical frequency. This means that the midrange gain extends 
down to zero frequency (dc), and de voltages are amplified the same as midrange signal 
frequencies. 

An open-loop response curve (Bode plot) for a certain op-amp is shown in Figure 
12-36. Most op-amp datasheets show this type of curve or specify the midrange open-loop 
gain. Notice that the curve rolls off (decreases) at -20 dB per decade (—6 dB per octave). 
The midrange gain is 200,000, which is 106 dB, and the critical (cutoff) frequency is ap- 
proximately 10 Hz. 


A.) (dB) : 
r Midrange 


106 
100 5 


754 
—20 dB/decade roll-off 


50-7 
25-7 


Unity-gain frequency (f/) 
Critical frequency 


> f (Hz) 


T T T T 
1 10 100 1k 10k 100k 1M 


A FIGURE 12-36 


Ideal plot of open-loop voltage gain versus frequency for a typical op-amp. The frequency scale is 
logarithmic. 
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3 dB Open-Loop Bandwidth Recall from Chapter 10 that the bandwidth of an ac am- 
plifier is the frequency range between the points where the gain is 3 dB less than the 
midrange gain. In general, the bandwidth equals the upper critical frequency (f.,,) minus 
the lower critical frequency (f,). 


BW = Sou ~ Sel 


Since f.; for an op-amp is zero, the bandwidth is simply equal to the upper critical 
frequency. 


BW = fen Equation 12-17 


From now on, we will refer to f.,, as simply f.; and we will use open-loop (o/) or closed- 
loop (cl) subscript designators, for example, foo). 


Unity-Gain Bandwidth Notice in Figure 12-36 that the gain steadily decreases to a 
point where it is equal to unity (1 or 0 dB). The value of the frequency at which this unity 
gain occurs is the unity-gain frequency designated fr. fr is also called the unity-gain 
bandwidth. 


Gain-Versus-Frequency Analysis 


The RC lag (low-pass) circuits within an op-amp are responsible for the roll-off in gain as 


5 


From basic ac circuit theory, the attenuation of an RC lag circuit, such as in Figure 12-37, 
is expressed as 
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R 
1 1 ] 1 ifi 1 Vin ° AM, O Vout 
the frequency increases, just as was discussed for the discrete amplifiers in Chapter 10. l 
IL 


Vout = Xc 
Vin VR? + X2 A FIGURE 12-37 
Dividing both the numerator and denominator to the right of the equals sign by X¢, RC lag circuit. 
Vout = 1 
Vin V1 + R*/Xé 
The critical frequency of an RC circuit is 
ron 1 
“© DRC 
Dividing both sides by f gives 
te 1 1 
f  2aRCf (2xfC)R 
Since Xc = 1/(27fC), the previous expression can be written as 
fe _ Xe 
f oR 
Substituting this result in the previous equation for Vj,;/Vin produces the following expres- 
sion for the attenuation of an RC lag circuit in terms of frequency: 
Vout _ 1 Equation 12-18 


Vin V1 + fife 
If an op-amp is represented by a voltage gain element with a gain of Ajymja) plus a single 
RC lag circuit, as shown in Figure 12—38, it is known as a compensated op-amp. The total 
open-loop gain of the op-amp is the product of the midrange open-loop gain, A gina), and 
the attenuation of the RC circuit. 
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Equation 12-19 
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> FIGURE 12-38 


Op-amp represented by a gain ele- Vin © 


ment and an internal RC circuit. 


As you can see from Equation 12-19, the open-loop gain equals the midrange gain 
when the signal frequency fis much less than the critical frequency f, and drops off as the 
frequency increases. Since f. is part of the open-loop response of an op-amp, we will refer 
to it as fo(oi)- 

The following example demonstrates how the open-loop gain decreases as the fre- 
quency increases above f¢(y/). 


EXAMPLE 12-8 


Determine A,, for the following values of f/ Assume f.(47) = 100 Hz and Agia) = 
100,000. 


(a) f=0Hz ) f=10Hz (© f=100Hz (@) f= 1000Hz 
: Aol(mid 100,000 
Solution (a) Ay = Vere = ay = 100.000 
(b) A.) = ae 99,503 
V1 + 1? 
aa 100,000 = 100,000 ~ 70,710 
Vira? v2 
(d) Ag; = oe = 9950 
V1 + (10) 
Related Problem Find A,, for the following frequencies. Assume f.97, = 200 Hz and Ajymiag) = 80,000. 
(a) f=2Hz (b)f=10Hz (©) f= 2500Hz 
Phase Shift 


Equation 12-20 


As you know from Chapter 10, an RC circuit causes a propagation delay from input to out- 
put, thus creating a phase shift between the input signal and the output signal. An RC lag 
circuit such as found in an op-amp stage causes the output signal voltage to lag the input, 
as shown in Figure 12-39. From basic ac circuit theory, the phase shift, 0, is 


“(z) 
= —tan rare 
Xc 


pS 


Since R/Xc =f/f,, 
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FIGURE 12-39 


Output voltage lags input voltage. 


The negative sign indicates that the output lags the input. This equation shows that the phase 
shift increases with frequency and approaches —90° as f becomes much greater than f.. 


EXAMPLE 12-9 Calculate the phase shift for an RC lag circuit for each of the following frequencies, 
and then plot the curve of phase shift versus frequency. Assume f. = 100 Hz. 
(a) f = 1 Hz (b) f = 10 Hz (c) f = 100 Hz 
(d) f = 1000 Hz (e) f = 10,000 Hz 
: sal al 1 Hz ) 
Solut 6 = -tan!| —]) = -t = —0.573° 
olution (a) an (f an 100 Hz 
(b) 6 = -t a aie = -5,71° 
 \100 Hz 
100 Hz 
=il ° 
=r = —45 
a ae) 
1000 Hz 
=il ° 
=>— Se rt Sie 4. 
(d) 6 tan ae 84.3 
ee = “(A = aera 
ee «(| 100H: 


The phase shift-versus-frequency curve is plotted in Figure 12—40. Note that the fre- 
quency axis is logarithmic. 


FIGURE 12-40 


> f (Hz) 
-5.71° 


-45° 


—89.4° 


84.3° 
—90° 


Related Problem At what frequency, in this example, is the phase shift 60°? 
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Overall Frequency Response 


Previously, an op-amp was defined to have a constant roll-off of —20 dB/decade above its 
critical frequency. For most op-amps this is the case; for some, however, the situation is more 
complex. The more complex IC operational amplifier may consist of two or more cascaded 
amplifier stages. The gain of each stage is frequency dependent and rolls off at 
—20 dB/decade above its critical frequency. Therefore, the total response of an op-amp is a 
composite of the individual responses of the internal stages. As an example, a three-stage op- 
amp is represented in Figure 12—41(a), and the frequency response of each stage is shown in 
Figure 12—41(b). As you know, dB gains are added so that the total op-amp frequency re- 
sponse is as shown in Figure 12—-41(c). Since the roll-off rates are additive, the total roll-off 
rate increases by —20 dB/decade (—6 dB/decade) as each critical frequency is reached. 


0 


Op-amp 


(a) Representation of an op-amp with three internal stages 


A, (dB) 
A 


ie 20 dB/decade 


—40 dB/decade 


—60 dB/decade 


(b) Individual responses 


0 


fet Soa fos ee 


(c) Composite response 


A FIGURE 12-41 


Op-amp open-loop frequency response. 


Overall Phase Response 


In a multistage amplifier, each stage contributes to the total phase lag. As you have seen, 
each RC lag circuit can produce up to a —90° phase shift. Since each stage in an op-amp 
includes an RC lag circuit, a three-stage op-amp, for example, can have a maximum phase 
lag of —270°. Also, the phase lag of each stage is less than —45° when the frequency is 
below the critical frequency, equal to —45° at the critical frequency, and greater than —45° 
when the frequency is above the critical frequency. The phase lags of the stages of an op-amp 
are added to produce a total phase lag, according to the following formula for three stages: 


Oot = an'( f ) iar( f ) an '(4) 
Sot Soa fos 
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EXAMPLE 12-10 A certain op-amp has three internal amplifier stages with the following gains and 
critical frequencies: 
Stage 1: A,; = 40 dB, f.; = 2 kHz 
Stage 2: Ayo = 32 dB, fi. = 40 kHz 


Stage 3: A,3 = 20 dB, f.3 = 150 kHz 


Determine the open-loop midrange gain in decibels and the total phase lag when f = f.1. 


Solution AL Gate) = Ay + Ayo oP Ay3 = 40dB + 32dB + 20dB = 92dB 


mn nwe(f)-or(f)- Cf) 


D 2 
= —tan ‘(1) — wn(2) - waot() = —45° — 2.86° — 0.76° = —48.6° 


Related Problem The internal stages of a two-stage amplifier have the following characteristics: 
Ay, = 50 dB, Ay2 = 25 dB, ff. = 1500 Hz, and fo = 3000 Hz. Determine the 
open-loop midrange gain in decibels and the total phase lag when f = f,.. 


loop voltage gain and the closed-loop voltage gain of an op-amp 
quency of a particular op-amp is 100 Hz. What is its open-loop 
| gain increase or decrease with frequency above the critical 
‘ains of an op-amp are 20 dB and 30 dB, what is the total gain 


lags are —49° and —5.2°, what is the total phase lag? 


12-8 CLOSED-LOOP FREQUENCY RESPONSE 


Op-amps are normally used in a closed-loop configuration with negative feedback 
in order to achieve precise control of the gain and bandwidth. In this section, you 
will see how feedback affects the gain and frequency response of an op-amp. 


After completing this section, you should be able to 


4 Analyze the closed-loop frequency response of an op-amp 

¢ Review the closed-loop voltage gain for each op-amp configuration 
4 Analyze the effect of negative feedback on bandwidth 
4 Define and discuss the gain-bandwidth product 


Recall that midrange gain of an op-amp is reduced by negative feedback, as 
indicated by the following closed-loop gain expressions for the three amplifier 
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Equation 12-21 


Equation 12-22 


configurations previously covered, where B is the feedback attenuation. For a nonin- 
verting amplifier, 


Ke 
(ND 1+ A,B B R; 
For an inverting amplifier, 
ee) 
Acad = R 
L 
For a voltage-follower, 
AcvR) = 1 


Effect of Negative Feedback on Bandwidth 


You know how negative feedback affects the gain; now you will learn how it affects the 
amplifier’s bandwidth. The closed-loop critical frequency of an op-amp is 


Seiet) = Secor) + BAoimiay) 


This expression shows that the closed-loop critical frequency, f(,-), is higher than the open- 
loop critical frequency fo) by the factor 1 + BAjigniq. You will find a derivation of Equation 
12-21 in “Derivations of Selected Equations” at www.pearsonhighered.com/floyd. 

Since fccl) equals the bandwidth for the closed-loop amplifier, the closed-loop band- 
width (BW,,) is also increased by the same factor. 


BW.i = BW, me BA gumia)) 


EXAMPLE 12-11 


Solution 


Related Problem 


A certain amplifier has an open-loop midrange gain of 150,000 and an open-loop 3 dB 
bandwidth of 200 Hz. The attenuation (B) of the feedback loop is 0.002. What is the 
closed-loop bandwidth? 


BWe = BWoi(1 + BAgumia)) = 200Hz[1 + (0.002)(150,000)] = 60.2 kHz 


If Agimiay = 200,000 and B = 0.05, what is the closed-loop bandwidth? 


> FIGURE 12-42 


Closed-loop gain compared to 
open-loop gain. 


Figure 12—42 graphically illustrates the concept of closed-loop response. When the 
open-loop gain of an op-amp is reduced by negative feedback, the bandwidth is increased. 


Open-loop gain 


Closed-loop gain 


Ac mid) 


>f 
0 Sevol) Sect) 


CLOSED-LOOP FREQUENCY RESPONSE ® 


The closed-loop gain is independent of the open-loop gain up to the point of intersection of 
the two gain curves. This point of intersection is the critical frequency, f(.¢1), for the closed- 
loop response. Notice that the closed-loop gain has the same roll-off rate as the open-loop 
gain, beyond the closed-loop critical frequency. 


Gain-Bandwidth Product 


An increase in closed-loop gain causes a decrease in the bandwidth and vice versa, such 
that the product of gain and bandwidth is a constant. This is true as long as the roll-off rate 
is fixed, as in the case of a compensated op-amp. If you let A,,; represent the gain of any of 
the closed-loop configurations and f,.,)) represent the closed-loop critical frequency (same 
as the bandwidth), then 


Aafecel) = Aotfe(ol) 


The gain-bandwidth product is always equal to the frequency at which the op-amp’s 
open-loop gain is unity or 0 dB (unity-gain bandwidth, f7). 


St = Acife(et) 


Equation 12-23 
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EXAMPLE 12-12 Determine the bandwidth of each of the amplifiers in Figure 12-43. Both op-amps 
have an open-loop gain of 100 dB and a unity-gain bandwidth (f7) of 3 MHz. 


» FIGURE 12-43 


in 


V, 


out 


Ry 
220 kO 


(a) 


Solution (a) For the noninverting amplifier in Figure 12—43(a), the closed-loop gain is 


Ry 220 kO, 


Ag=il+—=1+ 


R; 3.3kQ — 
Use Equation 12—23 and solve for foc (where foc) = BW¢i). 


Sr 
Jee = BW = Te 
3 MH: 
Ns a = 44.3 kHz 


(b) For the inverting amplifier in Figure 12—43(b), the closed-loop gain is 


4 = See 
oe OR 1.0kO0 


Using the absolute value of A,;, the closed-loop bandwidth is 


_ 3MHz 


BWe = = 63.8 kHz 
47 
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Related Problem Determine the bandwidth of each of the amplifiers in Figure 12-43. Both op-amps 
have an A,, of 90 dB and a unity-gain bandwidth of 2 MHz. 


Open the Multisim file E12-12 in the Examples folder on the companion website. 
Measure the bandwidth of each amplifier using the Bode plotter and compare with 
the calculated values. 


| op-amp is used in a feedback configuration having a gain of 30 and a band- 
F 100 kHz. If the external resistor values are changed to increase the gain to 
is the new bandwidth? 


the unity-gain bandwidth of the op-amp in Question 2? 


12—9 TROUBLESHOOTING 


As a technician, you may encounter situations in which an op-amp or its associated 
circuitry has malfunctioned. The op-amp is a complex integrated circuit with many 
types of internal failures possible. However, since you cannot troubleshoot the op-amp 
internally, treat it as a single device with only a few connections to it. If it fails, replace 
it just as you would a resistor, capacitor, or transistor. 


After completing this section, you should be able to 


4 Troubleshoot op-amp circuits 

4 Determine faults in the noninverting amplifier 
4 Determine faults in the voltage-follower 

4 Determine faults in the inverting amplifier 


Chapter 18: Basic Programming Concepts for Automated Testing 
WW Selected sections from Chapter 18 may be introduced as part of this troubleshooting 
48) coverage or, optionally, the entire chapter 18 may be covered later or not at all. 


In the basic op-amp configurations, there are only a few external components that can 
fail. These are the feedback resistor, the input resistor, and the potentiometer used for off- 
set voltage compensation. Also, of course, the op-amp itself can fail or there can be faulty 
contacts in the circuit. Let’s examine the three basic configurations for possible faults and 
the associated symptoms. 

The first thing to do when you suspect a faulty circuit is to check for the proper supply 
voltage and ground at the pins of the op-amp. Having done that, several other possible 
faults are as follows. A visual inspection should also be done. 


Faults in the Noninverting Amplifier 


Open Feedback Resistor If the feedback resistor, Ry, in Figure 12-44 opens, the op-amp is 
operating with its very high open-loop gain, which causes the input signal to drive the device 
into nonlinear operation and results in a severely clipped output signal as shown in part (a). 


t+Vnax 
Vou 
Via Ve 
OPEN = R 
=> f 
=" 
=> Vina 
(a) Ry open (b) R; open 


OPEN 
Vour (No signal output) 


in 


Ry 


zn 


(c) Input to op-amp open internally 


A FIGURE 12-44 


Faults in the noninverting amplifier. 


Open Input Resistor In this case, you still have a closed-loop configuration. Since R; is 
open and effectively equal to infinity (CO), the closed-loop gain from Equation 12-8 is 
Ry Ry 


L 


This shows that the amplifier acts like a voltage-follower. You would observe an output 
signal that is the same as the input, as indicated in Figure 12—44(b). 


Internally Open Noninverting Op-Amp Input In this situation, because the input volt- 
age is not applied to the op-amp, the output is zero. This is indicated in Figure 12—44(c). 


Other Op-Amp Faults In general, an internal failure will result in a loss or distortion of 
the output signal. The best approach is to first make sure that there are no external failures 
or faulty conditions. If everything else is good, then the op-amp must be bad. 


Faults in the Voltage-Follower 


The voltage-follower is a special case of the noninverting amplifier. Except for a faulty op- 
amp, an open or shorted external connection, or a problem with the offset null potentiome- 
ter, about the only thing that can happen in a voltage-follower circuit is an open feedback 
loop. This would have the same effect as an open feedback resistor as previously discussed. 


Faults in the Inverting Amplifier 


Open Feedback Resistor If Ry opens, as indicated in Figure 12—45(a), the input signal 
still feeds through the input resistor and is amplified by the high open-loop gain of the op- 
amp. This forces the device to be driven into nonlinear operation, and you will see an out- 
put something like that shown. This is a similar result as in the noninverting amplifier 
configuration. 


TROUBLESHOOTING 


5 
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+V, 


max 


o No signal out 


(a) (b) 
A FIGURE 12-45 


Faults in the inverting amplifier. 


Open Input Resistor This prevents the input signal from getting to the op-amp input, so 
there will be no output signal, as indicated in Figure 12—45(b). 

Failures in the op-amp itself or the offset null potentiometer have the same effects as 
previously discussed for the noninverting amplifier configuration. 


Multisim Troubleshooting Exercises 
These file circuits are in the Troubleshooting Exercises folder on the companion website. 


Open each file and determine if the circuit is working properly. If it is not working prop- 
erly, determine the fault. 


Multisim file TSE12-01 
Multisim file TSE12-02 
Multisim file TSE12-03 
Multisim file TSE12-04 
Multisim file TSE12-05 


BU ee ONS 


1 notice that the op-amp output signal is beginning to clip on one peak as you in- 
the input signal, what should you check? 

yr a noninverting amplifier, if there is no op-amp output signal when there is a veri- 
input signal at the input pin, what would you suspect as being faulty? 


The company that manufactures the PA system developed in Chapters 6 and 7 wants to 
replace the audio amplifier with a new design using an op-amp instead of the discrete 
transistor preamp circuit to reduce parts and cost. The power amplifier will still retain its 
basic design with only a few changes. The block diagram of the PA system is shown in 
Figure 12—46. 


Block diagram of public address 


system. 


Audio amplifier. 
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Microphone 


DC power supply 


41 


$ Speaker 


aumniniony 


Audio preamp Power amplifier 


The Circuit 


The schematic of the new op-amp design is shown in Figure 12—47. A 741 operational 
amplifier is used for the preamp stage. The power amplifier retains the original push-pull 
complementary Darlington configuration with the exception of the driver stage. This has 
been eliminated because the op-amp, with its very low output resistance, is capable of 
driving the push-pull power amplifier stage without a buffer interface. The rheostat, Rgain, 
is for adjusting the voltage gain, and the potentiometer, R,yy, is for output nulling (making 
the dc output 0 V). 


+15 V 


Q; 
2N3904 


Q; 
2N3906 


-15V 


. Identify the op-amp configuration. 

. Calculate the maximum and minimum voltage gains of the op-amp. 

. What is the maximum rms output of the op-amp stage if the input is 50 mV rms? 

. Determine the ideal maximum power delivered by the audio amplifier to an 8 
speaker. 


BhwWNe 


A partial datasheet for a 741 op-amp is shown in Figure 12—48. 
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Sa) 
FAIRCHILD 


SEMICONDUCTOR® www.fairchildsemi.com 


KA741 


Single Operational Amplifier 


Features Description 
+ Short circuit protection The KA74I series are general purpose operational 
+ Excellent temperature stability amplifiers. It is intended for a wide range of analog . . = 0; 
+ Internal frequency compensation applications. The high gain and wide range of operating Absolute Maximum Ratings (Ta = 25°C) 
+ High Input voltage range voltage provide superior performance in intergrator, = 
+ Null of offset summing amplifier, and general feedback applications Parameter Symbol Value Unit 
Supply Voltage Vcc +18 Vv 
= Differential Input Voltage VI(DIFF) 30 Vv 
FF Input Voltage VI +15 Vv 
? Output Short Circuit Duration - Indefinite 
seer Power Dissipation Pb 500 mW 
Operating Temperature Range 
€ KATA1 TopR 0~+70 °c 
KA7411 40 ~ +85 
A -65~+ a 
Internal Block Diagram Storage Temperature Range TsTG 65 150 iC. 
aa Ore 
IN (-) 4 @) Veo 
Wis) (6) oureur 
«Q had 
Rev. 1.0.1 
©2001 Fairchild Semiconductor Corporation 
Electrical Characteristics 
(Vcc = 15V, VEE = - 15V. Ta = 25°C, unless otherwise specified) 
KA741/KA7411 Electrical Characteristics 
Parameter Symbol Conditions — Unit 
Min. | Typ. | Max. (Vcc = £15V, unless otherwise specified) 
Rs <10KQ 7 2.0 | 60 The following specification apply over the range of 0°C < TA < +70 °C for the KA741; and the -40°C < Ta < +85 °C 
Input Offset Voltage VIO mV for the KA7411 
Rs <50Q - - - 
Input Offset Voltage 7 KA741/KA7411 
Adjustment Range Vio(R) | Voc = £20 V . #15 . my Parameter Symbol Conditions - Unit 
Min. | Typ. | Max. 
Input Offset Current lio - - 20 200 nA Rs=500 7 = 7 
Input Bias Current IBIAS . - | 80 | 500 | nA Input Offset Voltage vio Rs SHOE - ~ 1 Fs mv 
Input Resistance (Note1) RI Vcc = +20 V 0.3 | 2.0 - MQ Input Offset Voltage Drift AVIO/AT 7 7 = AVEC 
Input Voltage Range VR) . +12 | +13 - Vv Input Offset Current llo 7 7 = 300 nA 
RL>2KQ oa an ue vil - | : Input Offset Current Drift AMO/AT : 2 [= nAl°C 
Large Signal Voltage Gain Gv von ?) aN VimV Input Bias Current IBIAS - - - 0.8 LA 
vow-py=etov | 20 | 200) - Input Resistance (Note1) Ri Vcc = +20 V - - - MQ 
Output Short Circuit Current Isc - - 25 - mA Input Voltage Range VR) = #12 | 413 = v. 
Vec=420V | RL=10 KO - - Veo = £20 vL RS? 10 ke i z : 
RL22KQ . = = Output Voltage Swing Vo(P-P) Saeko u z Vv 
Output Voltage Swin VorP- Vv ‘ 
eee OPP) Veg =a16V__| RL= 10 KO +2 | a4] - Veo satsvLRS2toKe | 212 | 214 | 
RL22KQ Ho [213] - Rese AND! EAS): ve 
A side BoGAGn bea age Rs < 10 KQ, Vom = +12V 70 90 = a Output Short Circuit Current Isc s 10 - 40 mA 
‘ommon Mode Rejection Ratio — Rs < 10 KQ, Vom =+12V 70 90 2 
Rs $50 2, Vom = +12V : 7 = Common Mode Rejection Ratio CMRR = eM dB 
Vcc = +15V to Vcc = +15V Rs $50 Q, Vem = 412 V - - - 
Rs < 509 : i : sn: ; Vec =+#20v| Rs <50 2 : : : 
jecti i Power Supply Rejection Ratio PSRR dB 
Power Supply Rejection Ratio PSRR Vac = H16V to Veo = HEV dB pply Rej toi5V Rs =10 Ka 77 06 = 
77 96 - 
Rs <10 KQ Vcc = +20V, 
Transient Rise Time TR r F - 0.3 - us Vo(P-P) = +15V 
Unity Gain 5 Veo = +15V 
Response Overshoot os 5 10 = % Large Signal Voltage Gain Gv Rs >2KQ van y= +ov} 15 - - VimV 
Bandwidth BW ; : : | MHz OPES 
Slew Rate SR Unity Gain - 0.5 - Vius - - - 
Supply Current Icc RL = 2Q - 1.5 2.8 mA 
. Vec = +20V - iS = 
Power Consumption Pc mw 
Vec = +15V - 50 85 


FIGURE 12-48 


Partial datasheet for the KA741 op amp. Copyright Fairchild Semiconductor Corporation. Used by 
permission. 


5. Using the datasheet, assign pin numbers to the op-amp in Figure 12—47. 

6. Determine the maximum power consumption of the op-amp with the +15 V 
supply voltages. 

7. To what typical voltage can the output swing with +15 V supply voltages? 


APPLICATION AcTiviTY * 641 


Simulation 


The audio amplifier is simulated with an input signal of 50 mV using Multisim. The re- 
sults are shown in Figure 12—49 where an 8.2 (1 resistor is used to simulate the speaker. 


a AREER BEE ee rita 
iy fi Ca ¢ ¥ 4 j 


hi 2ms 


(b) Input signal, op-amp output signal, and final output signal 


FIGURE 12-49 


Simulation of the audio amplifier. 


8. From the scope display in Figure 12—49, determine the rms value of each voltage. 
9. Determine the voltage gain of the op-amp stage from the measured signals. 
10. Determine the overall voltage gain from the measured signals. 
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Uti Simulate the op-amp audio amplifier using your Multisim software. Observe the 
signal voltages with the oscilloscope. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 


Lab Experiment 


-| To build and test a similar circuit, go to Experiment 12—A in your lab manual 
(Laboratory Exercises for Electronic Devices by David Buchla and Steven 
Wetterling). 


The original system had two boards, the preamp board and the power amp board. By 
using the new op-amp design, the audio amplifier is simplified to one board, as shown in 
Figure 12-50. 


‘ 


= 


A FIGURE 12-50 


Audio amplifier board. 


11. Check the printed circuit board for correctness by comparing it with the 
schematic in Figure 12—47. 
12. Label each input and output pin according to function. 
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Troubleshooting 
Four circuit boards are tested, and the results are shown in Figure 12-51. (Parts (b), (c), 
and (d) are shown on the next page.) 


13. Determine the problem, if any, in each of the board tests in Figure 12-51. 
14. List possible causes of any problem from item 13. 


~~ Simulated Tektronix Oscilloscope-XSC1 
Tektronix TDS 2024 Gout oscacscore | SEK" 


=> Simulated Agilent Function Generator-XFG1 


(a) Test results for board 1 


FIGURE 12-51 


Results of audio amplifier board tests. 
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(d) Test results for board 4 


*” FIGURE 12-51 


Continued 


FPAAs (field-programmable analog arrays) and dpASPs (dynamically programmable analog 
signal processors) are based on switched-capacitor technology that was covered in Chapter 9. 
These are integrated circuit devices that can be programmed with software for various types of 
analog functions and designs. Both the FPAA and the dpASP can be reprogrammed, but the 
FPAA is statically reconfigurable and must first be reset whereas the dpASP can be dynami- 
cally reconfigured “on-the-fly” while operating in a system. The software allows you to experi- 
ment and design with various analog devices that are covered in this textbook by specifying 
parameters, observing operation, interconnecting devices for more complex circuits, and prepar- 
ing the software for downloading to an actual device. Refer to the tutorial available with the 
AnadigmDesigner®2 software or the tutorial in the Laboratory Exercises for Electronic Devices 
lab manual. 


PROGRAMMABLE ANALOG TECHNOLOGY *® 645 


The Designer2 software differs in its primary purpose from the Multisim software you have 
been using. Electronic Workbench Multisim is basically a simulation software that allows you to 
test circuits on the computer using simulated discrete and integrated components. The Multisim 
software is useful for verifying that a circuit actually works as intended, but it has limited hardware 
interface capability. AnadigmDesigner2 is both a simulation and a hardware interface tool that 
allows you to custom program an analog design and implement it in an integrated circuit chip. It is 
based on an extensive library of analog functions called configurable analog modules (CAMs) that 
can be connected using a simple “drag-and drop” format and tested with virtual instruments on the 
computer. The design can then be converted to hardware by downloading it to an actual FPAA or 
dpASP IC chip. 

A free trial version of the AnadigmDesigner2 software is available for downloading at www. 
anadigm.com. The basic steps in implementing a design are as follows using a specific CAM for 
illustration. These steps apply to any CAM or multiple CAMs. 


CAM Selection 

The first step in implementing a programmable analog design is to open the AnadigmDesigner2 
software. The representation of a blank FPAA or dpASP chip will appear as shown in Figure 
12-52. Select the Configure icon to open a list of available CAMs, as shown in Figure 12-53. 


Untitled - AnadigmDesigner2 


Eile Edit Simulate Configure Settings Dynamic Config. Target View Tools Help 


Cel & & » Ny OP Sie |“ BNP 


For Help, press Fl 


A FIGURE 12-52 


Click on Configure icon. 


Configure and Place CAM 

Select the desired CAM and set up the parameters in the Set CAM Parameters screen shown in 
Figure 12-54. Next place the CAM in the chip outline and connect to an input and output, as shown 
in Figure 12-55. Several CAMs can be placed in one chip and interconnected. 
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Description 

Analog to Digtal Converter (SAR) 
| Comparator Comparator 
| Differentiator Inverting Differentiator 

Divider 


Bilinear Filter 
Biquadratic Fiter 
ij... Low Corner Frequency Bilinear LPF (External... 
Half Cycle Gain Rage 
Half Cycle Inverting Gain Stage with Hold 
Inverting Gain Stage 
Gain Stage with Output Voltage Limiting 
Gain Stage with Polarity Control 
Gain Stage with Switchable Inputs 
Yokage Controlled Variable Gain Stage 
Sample and Hold 
Yokage Controlled Sample and Hold 
Integrator 
Multiplier 
. Multiplier with Low Corner Frequency LPF (E... 
Sinewave Oscillator 
Peak Detector 
| Arbitrary Periodic Waveform Generator 
| RectifierFiter Rectifier with Low Pass Filter 
| RectifierHalf Half Cycle Rectifier 
| Rectifiertiold Half Cycle Inverting Rectifier with Hold 
SquareRoot Square Root 
| SumBiquad Sum/Difference Stage with Biquadratic Filter 
| Half Cycle SumjDifference Stage 
SumjDifference Stage with Low Pass Filter 
SumjDifference Integrator 
Inverting Sum Stage 


FIGURE 12-53 


List of available CAMs. 


Set CAM Parameters 


Instance Name: | Comparator1 | Anadigmy ortex\Comparator 2.1.10 (Comparator) 


Clocks 
ClockA Clock0 (4000 kHz) 


(No notes) 


Options 


Compare To: @ Variable Reference 


Input Sampling: 
Output Polarity: 
Output Synch: 


Parameters 


Reference Voltage: [1 (1.00 realized) [-4 to 4] 


CAM Source: Anadigm, Approved ‘Yes 


FIGURE 12-54 


Set CAM parameters. 


PROGRAMMABLE ANALOG TECHNOLOGY *® 647 


® FIGURE 12-55 


CAM placed and connected. Signal EX untitled - AnadigmDesigner2 
source and scope probes placed. File Edit Simulate Configure Settings Dynamic Config. Target Yiew Tools Help 


Deh &  » Ww ff Sian || BRP 


For Help, Press F1 


Test the Design 


Place a signal source on the input by clicking on the sine wave icon and set its function and param- 
eters using the Signal Generator Control window, as shown in Figure 12-56. Place probes at 


» FIGURE 12-56 


Set signal generator parameters. Signal Generator Control 


Output 
© Differential O Single-ended 


Signal Data 
Peak Amplitude Differential Offset 
10 Volts 0 Volts 


Frequency 


100k) Hz 


0) Degrees 


Common Mode Offset 


0 | Volts 
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appropriate points by clicking on the probe icon and then measure the waveforms on the virtual 
oscilloscope, as shown in Figure 12-57, by clicking on Sim. 


Z| Oscilloscope - Untitled 


Display Data Volts Per Division —Pasition 


Chanel | ee 


one) 


a 
¥ 


Time Per Division; | Sus 


O.000us ) End; 50.000 us 


A FIGURE 12-57 


Measure waveforms at probe locations. 


Download the Design 

Once the design is finalized and tested on your computer, it can be downloaded to an actual FPAA or 
dpASP chip, known as a target device, by selecting Target on the screen. The chip is normally mounted 
on a special PC board with peripheral devices, test points, and connectors so that the downloaded design 
can be fully tested in hardware. One type of board for this purpose is the programmable analog module 
(PAM) board available from Servenger LLC (www.servenger.com). Figure 12-58 illustrates the setup. 


Ehiininied Anadignoecerer? 


FPAA or 
dpASP chip on 
PAM board 


A FIGURE 12-58 
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EXAMPLE 

Simulate an inverting amplifier with a gain of —1. Apply a sinusoidal input and check both its input and output with the oscilloscope. 
Step 1: Open the software and the outline of the blank FPAA chip appears with input and output pins. 

Step 2: Select the Inverting Gain Stage and drop into the chip outline. 

Step 3: Set the gain. 

Step 4: Connect a signal generator to an input and set its parameters. 

Step 5: Connect a scope probe to an output. 

Step 6: Select “begin simulation.” 

Step 7: Observe input and output waveforms on oscilloscope. 

The results of these steps are shown in Figure 12-59. 


EX untitied - AnadigmDesigner2 


Ed Oscilloscope - Untitied 


End: 100,000 us 


For Halp, Press Fi 


FIGURE 12-59 
Programming Exercises 
1. Simulate and test an inverting amplifier with a gain of —10. 
2. Simulate and test a 2-stage noninverting amplifier with a gain of 50. 
3. If you have an evaluation board, download each of the simulated circuits. 


PAM Experiment 

-. To program, download, and test circuits using AnadigmDesigner2 software and the programmable 
analog module (PAM) board, go to Experiment 12—B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steve Wetterling. 
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SUMMARY OF OP-AMP CONFIGURATIONS 


= Very high open-loop voltage gain 
Inverting : 


input = Very high input impedance 


Noninverting = Very low output impedance 
input 


Symbol 


= Voltage gain: 
oo 1 + - 
R; 
= Input impedance: 
Zinn) = (1 + AgiB)Zin 
= Output impedance: 


B = Zout 
oe i + A,B 


= Voltage gain: 
Accvr) = 1 

@ Input impedance: 
Zinve) = (L + AoiZin 


= Output impedance: 


Zag 
ZoutVE) 74 4, 
= Voltage gain: 
Ay 


= Input impedance: 
Zin) = Ri 

= Output impedance: 
- =a Zout 
Zout) = Ty AgB 


_ SUMMARY 


Section 12-1 


Section 12—2 


Section 12-3 


Section 12—4 


Section 12-5 


Section 12-6 


Section 12-7 


Section 12-8 


Sd 


Sd 


¢-¢¢ ¢ @ 


¢ ¢ 


¢-¢ ¢ ¢ 
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The basic op-amp has three terminals not including power and ground: inverting (—) input, 
noninverting (+) input, and output. 

A differential amplifier forms the input stage of an op-amp. 

Most op-amps require both a positive and a negative dc supply voltage. 


The ideal op-amp has infinite input impedance, zero output impedance, infinite open-loop 
voltage gain, and infinite bandwidth. 


A practical op-amp has very high input impedance, very low output impedance, and very high 
open-loop voltage gain. 

Two types of op-amp input operation are the differential mode and the common mode. 
Common mode occurs when equal in-phase voltages are applied to both input terminals. 


The common-mode rejection ratio (CMRR) is a measure of an op-amp’s ability to reject 
common-mode inputs. 


Open-loop voltage gain is the gain of an op-amp with no external feedback connections. 
Input offset voltage produces an output error voltage (with no input voltage). 

Input bias current also produces an output error voltage (with no input voltage). 

Input offset current is the difference between the two bias currents. 


Slew rate is the rate in volts per microsecond at which the output voltage of an op-amp can 
change in response to a step input. 


Noise degrades the performance of an amplifier by the introduction of an unwanted signal. 


Negative feedback occurs when a portion of the output voltage is connected back to the 
inverting input such that it subtracts from the input voltage, thus reducing the voltage gain but 
increasing the stability and bandwidth. 


There are three basic op-amp configurations: inverting, noninverting, and voltage-follower. 
The three basic op-amp configurations employ negative feedback. 
Closed-loop voltage gain is the gain of an op-amp with external feedback. 


A noninverting amplifier configuration has a higher input impedance and a lower output 
impedance than the op-amp itself (without feedback). 


An inverting amplifier configuration has an input impedance approximately equal to the input resistor 
R; and an output impedance approximately equal to the output impedance of the op-amp itself. 


The voltage-follower has the highest input impedance and the lowest output impedance of the 
three amplifier configurations. 


All practical op-amps have small input bias currents and input offset voltages that produce small 
output error voltages. 


The input bias current effect can be compensated for with external resistors. 


The input offset voltage can be compensated for with an external potentiometer between the two 
offset null pins provided on the IC op-amp package and as recommended by the manufacturer. 


The closed-loop voltage gain is always less than the open-loop voltage gain. 

The midrange gain of an op-amp extends down to dc. 

The gain of an op-amp decreases as frequency increases above the critical frequency. 

The bandwidth of an op-amp equals the upper critical frequency. 

The open-loop response curve of a compensated op-amp rolls off at —20 dB/decade above f.. 


The internal RC lag circuits that are inherently part of the amplifier stages cause the gain to roll 
off as frequency goes up. 


The internal RC lag circuits also cause a phase shift between input and output signals. 
Negative feedback lowers the gain and increases the bandwidth. 
The product of gain and bandwidth is constant for a given op-amp. 


The gain-bandwidth product equals the frequency at which unity voltage gain occurs. 
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_ KEY TERMS 


KEY FORMULAS 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Closed-loop voltage gain (A,,) The voltage gain of an op-amp with external feedback. 


CMRR_ Common-mode rejection ratio; the ratio of open-loop gain to common-mode gain; a 
measure of an op-amp’s ability to reject common-mode signals. 


Common mode A condition characterized by the presence of the same signal on both op-amp 
inputs. 

Differential amplifier A type of amplifier with two inputs and two outputs that is used as the input 
stage of an op-amp. 


Differential mode A mode of op-amp operation in which two opposite-polarity signal voltages are 
applied to the two inputs (double-ended) or in which a signal is applied to one input and ground to 
the other input (single-ended). 


Gain-bandwidth product A constant parameter which is always equal to the frequency at which 
the op-amp’s open-loop gain is unity (1). 


Inverting amplifier An op-amp closed-loop configuration in which the input signal is applied to 
the inverting input. 

Negative feedback The process of returning a portion of the output signal to the input of an am- 
plifier such that it is out of phase with the input signal. 


Noninverting amplifier An op-amp closed-loop configuration in which the input signal is applied 
to the noninverting input. 


Open-loop voltage gain (A,;)_ The voltage gain of an op-amp without external feedback. 


Operational amplifier (op-amp) A type of amplifier that has very high voltage gain, very high 
input impedance, very low output impedance, and good rejection of common-mode signals. 


Phase shift The relative angular displacement of a time-varying function relative to a reference. 
Slew rate The rate of change of the output voltage of an op-amp in response to a step input. 


Voltage-follower A closed-loop, noninverting op-amp with a voltage gain of 1. 


Op-Amp Input Modes and Parameters 


A 
12-1 CMRR = - Common-mode rejection ratio 
cm 
A 
12-2 CMRR = 20 log ( a of ) Common-mode rejection ratio (dB) 
cm 
+h . 
12-3 Tgias = 5} Input bias current 
12-4 Ios = | - L Input offset current 
12-5 Vos = losRin Offset voltage 
12-6 Voutierror) = Avlos Rin Output error voltage 
= AV out 
12-7 Slew rate = Ae Slew rate 


Op-Amp Configurations 
Ry 


12-8 Acint) =1+— 


R Voltage gain (noninverting) 
i 


12-9 Acuvr) =1 
y 


12-10 Aca = TR 
i 


Voltage gain (voltage-follower) 


Voltage gain (inverting) 


_TRUE/FALSE QUIZ 


-CIRCUIT-ACTION QUIZ 


Op-Amp Impedances 


12-11 


12-12 


12-13 


12-14 


12-15 


12-16 


Zinwy = (+ AgB)Zin 
Z = Zout 

out (NI) 1+ A,B 
ZinwvR) = (A + AonZin 


Zout 
Zout(VF) = 1+: Aol 
0. 
Zing) = Ri 
Zout 
a rr 
01 


Op-Amp Frequency Responses 


CirculT-ACTION QuIZ 


Input impedance (noninverting) 
Output impedance (noninverting) 
Input impedance (voltage-follower) 
Output impedance (voltage-follower) 
Input impedance (inverting) 


Output impedance (inverting) 


12-17) BW fo, Op-amp bandwidth 
V, 1 
12-18 “= —— RC attenuation 
Vin V1 + f7/fe 
Aoimi 
12-19 A, = = Open-loop voltage gain 


12-200 @0= ~tan~"(4) 


V1 + fife 


— RC phase shift 
fe 


12-21) feet) = Secor) + BAoumiay) Closed-loop critical frequency 
12-22 BW, = BW, + BAgimiay) Closed-loop bandwidth 
12-23. fr = Ac feet) Unity-gain bandwidth 


Answers can be found at www.pearsonhighered.com/floyd. 


eC PnNnAnn BF wW NY 


== —_ 
kw NY S&S & 


. An ideal op-amp has an infinite input impedance. 
. An ideal op-amp has a very high output impedance. 
. The op-amp can operate in both the differential mode or the common mode. 


. Common-mode rejection means that a signal appearing on both inputs is effectively cancelled. 


CMRR stands for common-mode rejection reference. 


. Slew rate determines how fast the output can change in response to a step input. 

. Negative feedback reduces the gain of an op-amp from its open-loop value. 

. Negative feedback reduces the bandwidth of an op-amp from its open-loop value. 

. A noninverting amplifier uses negative feedback. 

. The gain of a voltage-follower is very high. 

. Negative feedback affects the input and output impedances of an op-amp. 

. A compensated op-amp has a gain roll-off of —20 dB/decade above the critical frequency. 
. The gain-bandwidth product equals the unity-gain frequency. 


. If the feedback resistor in an inverting amplifier opens, the gain becomes zero. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


2. 


If Rris decreased in the circuit of Figure 12-18, the voltage gain will 


(a) increase (b) decrease (c) not change 


If V;, = 1 mV and R; opens in the circuit of Figure 12-18, the output voltage will 
(a) increase 


(b) decrease (c) not change 
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(a) increase (b) decrease 


output voltage will 
(a) increase (b) decrease 


(a) increase (b) decrease 


loop bandwidth will 


(a) increase (b) decrease 


bandwidth will 


(a) increase (b) decrease 


(a) increase (b) decrease 


(c) not change 


(c) not change 
. In Figure 12-28, if Rpis changed from 100 kO to 68 kO, the feedback attenuation will 


(c) not change 


(c) not change 
. If Ryis changed to 470 kO and R; is changed to 10 kQ, in Figure 12—43(b), the closed-loop 


(c) not change 


(c) not change 


. If R; is increased in the circuit of Figure 12-18, the voltage gain will 


. If 10 mV are applied to the input to the op-amp circuit of Figure 12—22 and Ry is increased, the 


. If the closed-loop gain in Figure 12—43(a) is increased by increasing the value of Ry, the closed- 


. If R; in Figure 12-43(b) opens, the output voltage will 


Answers can be found at www.pearsonhighered.com/floyd. 


Section 12-1 


Section 12-2 


1. 


An integrated circuit (IC) op-amp has 
(a) two inputs and two outputs 


(c) two inputs and one output 


(a) High gain 
(c) High input impedance 


. A differential amplifier 


(a) is part of an op-amp 


(c) has two outputs 


(a) the output is grounded 


(b) Low power 


(b) one input and one output 

. Which of the following characteristics does not necessarily apply to an op-amp? 
(d) Low output impedance 

(b) has one input and one output 


(d) answers (a) and (c) 


. When an op-amp is operated in the single-ended differential mode, 


(b) one input is grounded and a signal is applied to the other 


(c) both inputs are connected together 


(d) the output is not inverted 


. In the double-ended differential mode, 


(a) a signal is applied between the two inputs 


(c) the outputs are different amplitudes 


. In the common mode, 


(a) both inputs are grounded 


(c) an identical signal appears on both inputs 


. Common-mode gain is 


(a) very high (b) very low 


(c) always unity (d) unpredictable 


. If Ay) = 3500 and A,,, = 0.35, the CMRR is 


(a) 1225 
(c) 80 dB 


(b) 10,000 
(d) answers (b) and (c) 


(a) the positive supply voltage 


(c) zero 


(b) the gain is 1 
(d) only one supply voltage is used 


(b) the outputs are connected together 


(d) the output signals are in-phase 


. With zero volts on both inputs, an op-amp ideally should have an output equal to 
(b) the negative supply voltage 
(d) the CMRR 


Section 12-3 


Section 12—4 


Section 12-5 


Section 12-6 


Section 12-7 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 
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Of the values listed, the most realistic value for open-loop gain of an op-amp is 

(a) 1 (b) 2000 (c) 80 dB (d) 100,000 

A certain op-amp has bias currents of 50 wA and 49.3 A. The input offset current is 
(a) 700 nA (b) 99.3 vA (c) 49.7 pA (d) none of these 

The output of a particular op-amp increases 8 V in 12 ys. The slew rate is 

(a) 96 V/us (b) 0.67 V/us (c) 1.5 V/us (d) none of these 


The purpose of offset nulling is to 

(a) reduce the gain (b) equalize the input signals 
(c) zero the output error voltage (d) answers (b) and (c) 

The use of negative feedback 


(a) reduces the voltage gain of anop-amp_ (b) makes the op-amp oscillate 
(c) makes linear operation possible (d) answers (a) and (c) 

For an op-amp with negative feedback, the output is 

(a) equal to the input 

(b) increased 

(c) fed back to the inverting input 

(d) fed back to the noninverting input 

A certain noninverting amplifier has an R; of 1.0kQ and an Ry of 100 kQ.. The closed-loop 
gain is 

(a) 100,000 (b) 1000 (c) 101 (d) 100 

If the feedback resistor in Question 16 is open, the voltage gain 

(a) increases (b) decreases (c) is not affected (d) depends on R; 


A certain inverting amplifier has a closed-loop gain of 25. The op-amp has an open-loop gain 
of 100,000. If another op-amp with an open-loop gain of 200,000 is substituted in the configu- 
ration, the closed-loop gain 


(a) doubles (b) drops to 12.5 (c) remains at 25 (d) increases slightly 
A voltage-follower 

(a) has a gain of 1 (b) is noninverting 

(c) has no feedback resistor (d) has all of these 

Negative feedback 

(a) increases the input and output impedances 

(b) increases the input impedance and the bandwidth 

(c) decreases the output impedance and the bandwidth 

(d) does not affect impedances or bandwidth 

Bias current compensation 

(a) reduces gain (b) reduces output error voltage 

(c) increases bandwidth (d) has no effect 

The midrange open-loop gain of an op-amp 

(a) extends from the lower critical frequency to the upper critical frequency 
(b) extends from 0 Hz to the upper critical frequency 

(c) rolls off at 20 dB/decade beginning at 0 Hz 

(d) answers (b) and (c) 

The frequency at which the open-loop gain is equal to 1 is called 
(a) the upper critical frequency (b) the cutoff frequency 

(c) the notch frequency (d) the unity-gain frequency 
Phase shift through an op-amp is caused by 

(a) the internal RC circuits (b) the external RC circuits 

(c) the gain roll-off (d) negative feedback 
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25. Each RC circuit in an op-amp 
(a) causes the gain to roll off at —6 dB/octave 
(b) causes the gain to roll off at -20 dB/decade 
(c) reduces the midrange gain by 3 dB 
(d) answers (a) and (b) 


26. If a certain op-amp has a midrange open-loop gain of 200,000 and a unity-gain frequency of 
5 MHz, the gain-bandwidth product is 


(a) 200,000 Hz (b) 5,000,000 Hz 
(c) 1 x 10!* Hz (d) not determinable from the information 


Section 12-8 27. The bandwidth of an ac amplifier having a lower critical frequency of 1 kHz and an upper 
critical frequency of 10 kHz is 


(a) 1 kHz (b) 9 kHz (c) 10 kHz (d) 11 kHz 

28. The bandwidth of a dc amplifier having an upper critical frequency of 100 kHz is 
(a) 100 kHz (b) unknown (c) infinity (d) 0 kHz 

29. When negative feedback is used, the gain-bandwidth product of an op-amp 
(a) increases (b) decreases (c) stays the same (d) fluctuates 


30. If a certain op-amp has a closed-loop gain of 20 and an upper critical frequency of 10 MHz, the 
gain-bandwidth product is 


(a) 200 MHz (b) 10 MHz (c) the unity-gain frequency (d) answers (a) and (c) 


| PROBLEMS Answers to all odd-numbered problems are at the end of the book. 
BASIC PROBLEMS 


Section 12-1 _ Introduction to Operational Amplifiers 
1. Compare a practical op-amp to an ideal op-amp. 


2. Two IC op-amps are available to you. Their characteristics are listed below. Choose the one 
you think is more desirable. 


Op-amp 1: Zin = 5MQ, Zou; = 1000, Ao) = 50,000 
Op-amp 2: Z;, = 10MQ, Zou = 75 O,A,; = 150,000 


Section 12-2. Op-Amp Input Modes and Parameters 
3. Identify the type of input mode for each op-amp in Figure 12-60. 
4. A certain op-amp has a CMRR of 250,000. Convert this to decibels. 


5. The open-loop gain of a certain op-amp is 175,000. Its common-mode gain is 0.18. Determine 
the CMRR in decibels. 

6. An op-amp datasheet specifies a CMRR of 300,000 and an A,; of 90,000. What is the common- 
mode gain? 


7. Determine the bias current, Jpyas, given that the input currents to an op-amp are 8.3 uA 
and 7.9 wA. 


ie 


A FIGURE 12-60 
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8. Distinguish between input bias current and input offset current, and then calculate the input 
offset current in Problem 7. 


9. Figure 12-61 shows the output voltage of an op-amp in response to a step input. What is the 
slew rate? 


10. How long does it take the output voltage of an op-amp to go from —10 V to +10 V if the slew 
rate is 0.5 V/wS? 


» FIGURE 12-61 V, 


Section 12-4 Op-Amps with Negative Feedback 
11. Identify each of the op-amp configurations in Figure 12-62. 


out 


Vi = Ry 


(a) (b) (c) 
A FIGURE 12-62 


12. A noninverting amplifier has an R; of 1.0 kO and an Ry of 100 kQ.. Determine V; and B if Viz=5 V. 
13. For the amplifier in Figure 12—63, determine the following: 
(a) Acunt) (b) Vout (c) Vy 


> FIGURE 12-63 Vin 
it Multisim file circuits are identified sary ie ¢ 
with a logo and are in the Problems - 
folder on the companion website. Rr 
Filenames correspond to figure 560 kO 
numbers (e.g., F12-63). 
R 
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14. Determine the closed-loop gain of each amplifier in Figure 12-64. 


A,1 = 150,000 A, = 100,000 A, = 200,000 Ag, = 185,000 
ue Vig Vis, Vin 
Veit ler Vout Wags 
Se if i fF 
47kO, 1.0 MQ, 220 kQ 22 kO 
Rj Rj Rj i 
4.7kO, 10kQ 4.7kO, 1.0kO, 
(a) (b) (c) (d) 
A FIGURE 12-64 
15. Find the value of R¢ that will produce the indicated closed-loop gain in each amplifier in 
Figure 12-65. 
Aq = 50 


(a) (b) (d) 


A FIGURE 12-65 


16. Find the gain of each amplifier in Figure 12-66. 


17. Ifa signal voltage of 10 mV rms is applied to each amplifier in Figure 12—66, what are the out- 
put voltages and what is their phase relationship with inputs? 


V, 


out 


in 


(a) (b) (c) (d) 


A FIGURE 12-66 
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18. Determine the approximate values for each of the following quantities in Figure 12—67. 


(a) lin (b) Tr 
» FIGURE 12-67 


(c) Vout 


(d) closed-loop gain 


out 


Section 12-5 _ Effects of Negative Feedback on Op-Amp Impedances 
19. Determine the input and output impedances for each amplifier configuration in Figure 12-68. 
Aji = 175,000 A, = 200,000 A, = 50,000 
Zn = 10 MO Zin = 1 MO Zin = 2 MO. 
v,, Zou = 75 O V, Zour = 25 O V, Zour = 50 2 
Vout Vou Vous 
i & 
560 kO 47 kO 1.0 MQ 
Rj Rj R; 
2.7kO 1.5kO 56 kO 
(a) (b) (c) 
A FIGURE 12-68 
20. Repeat Problem 19 for each circuit in Figure 12-69. 
Vout Vous Vout 
Vin Vin Vin 
A,) = 220,000 A, = 100,000 A,1 = 50,000 
Zin = 6 MO Zin = 5 MO Zin = 800 kO 
Zou = 100 O Zou = 60 O Zou = 75 O 
(a) (b) (c) 
A FIGURE 12-69 
21. Repeat Problem 19 for each circuit in Figure 12-70. 
Section 12-6 _ Bias Current and Offset Voltage 


22. A voltage-follower is driven by a voltage source with a source resistance of 75 ©. 


(a) What value of compensating resistor is required for bias current, and where should the resis- 


tor be placed? 


(b) If the two input currents after compensation are 42 wA and 40 wA, what is the output error 


voltage? 
23. 
and indicate the placement of the resistor. 


24. 
voltage? 


Determine the compensating resistor value for each amplifier configuration in Figure 12-68, 


A particular op-amp voltage-follower has an input offset voltage of 2 nV. What is the output error 
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(a) 


Section 12-7 


Vin O 0 
Vout Vout Vout 
A, = 125,000 A) = 75,000 Ao) = 250,000 
Zin = 1.5 MQ Zin = 1 MQ Zin = 3 MO 
= Zour = 40 O = Zour = 50 0 I Zour = 70 O 


(b) (c) 
A FIGURE 12-70 
For Problem 21. 


25. What is the input offset voltage of an op-amp if a de output voltage of 35 mV is measured 
when the input voltage is zero? The op-amp’s open-loop gain is specified to be 200,000. 


Open-Loop Frequency and Phase Responses 


26. The midrange open-loop gain of a certain op-amp is 120 dB. Negative feedback reduces this 
gain by 50 dB. What is the closed-loop gain? 


27. The upper critical frequency of an op-amp’s open-loop response is 200 Hz. If the midrange 
gain is 175,000, what is the ideal gain at 200 Hz? What is the actual gain? What is the op- 
amp’s open-loop bandwidth? 


28. An RC lag circuit has a critical frequency of 5 kHz. If the resistance value is 1.0kQ, what is 
Xc when f= 3 kHz? 


29. Determine the attenuation of an RC lag circuit with f. = 12 kHz for each of the following 
frequencies. 


(a) 1 kHz (b) 5 kHz (c) 12 kHz (d) 20 kHz (e) 100 kHz 


30. The midrange open-loop gain of a certain op-amp is 80,000. If the open-loop critical frequency 
is 1 kHz, what is the open-loop gain at each of the following frequencies? 


(a) 100 Hz (b) 1 kHz (c) 10 kHz (d) 1 MHz 
31. Determine the phase shift through each circuit in Figure 12—71 at a frequency of 2 kHz. 


10kQ 1.0kO 100 kO 


0.01 uF 


(a) (b) (c) 
A FIGURE 12-71 


32. An RC lag circuit has a critical frequency of 8.5 kHz. Determine the phase shift for each fre- 
quency and plot a graph of its phase angle versus frequency. 


(a) 100 Hz (b) 400 Hz (c) 850 Hz (d) 8.5 kHz (e) 25 kHz (f) 85 kHz 


33. A certain op-amp has three internal amplifier stages with midrange gains of 30 dB, 40 dB, and 
20 dB. Each stage also has a critical frequency associated with it as follows: f.; = 600 Hz, 
fe = 50 kHz, and f.3 = 200 kHz. 


(a) What is the midrange open-loop gain of the op-amp, expressed in dB? 


(b) What is the total phase shift through the amplifier, including inversion, when the signal 
frequency is 10 kHz? 


34. What is the gain roll-off rate in Problem 33 between the following frequencies? 
(a) 0 Hz and 600 Hz (b) 600 Hz and 50 kHz 
(c) 50 kHz and 200 kHz (d) 200 kHz and 1 MHz 
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Section 12-8 Closed-Loop Frequency Response 


35. Determine the midrange gain in dB of each amplifier in Figure 12-72. Are these open-loop or 
closed-loop gains? 


Vout Vou 


in 


(a) (b) (c) 


A FIGURE 12-72 


36. A certain amplifier has an open-loop gain in midrange of 180,000 and an open-loop critical 
frequency of 1500 Hz. If the attenuation of the feedback path is 0.015, what is the closed-loop 
bandwidth? 


37. Given that foo), = 750 Hz, A,; = 89 dB, and f.(-) = 5.5 kHz, determine the closed-loop gain in 
decibels. 


38. What is the unity-gain bandwidth in Problem 37? 


39. For each amplifier in Figure 12-73, determine the closed-loop gain and bandwidth. The op-amps 
in each circuit exhibit an open-loop gain of 125 dB and a unity-gain bandwidth of 2.8 MHz. 


» FIGURE 12-73 


Vou 


(a) 


Vie 


(c) (d) 
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40. Which of the amplifiers in Figure 12-74 has the smaller bandwidth? 


150 kO 


Aj) = 120,000 Aj) = 195,000 
—— Se(ot) = 150 Hz = Se(ol) = 50 Hz 


(a) (b) 
A FIGURE 12-74 


Section 12-9 Troubleshooting 


41. Determine the most likely fault(s) for each of the following symptoms in Figure 12—75 with a 
100 mV signal applied. 


(a) No output signal. 


(b) Output severely clipped on both positive and negative swings. 


A FIGURE 12-75 


42. Determine the effect on the output if the circuit in Figure 12—75 has the following fault (one 
fault at a time). 


(a) Output pin is shorted to the inverting input. 
(b) R3 is open. 

(c) R3 is 10kQ instead of 910 0. 

(d) Ry and R are swapped. 


43. 
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On the circuit board in Figure 12-76, what happens if the middle lead (wiper) of the 100 kO, 
potentiometer is broken? 


Broken trace 


A FIGURE 12-76 


APPLICATION ACTIVITY PROBLEMS 


44. 


45. 


46. 


In the amplifier circuit of Figure 12-47, list the possible faults that will cause the push-pull 
stage to operate nonlinearly. 

What indication would you observe if a 100 k© resistor is incorrectly installed for Ry in 
Figure 12-47? 

What voltage will you measure on the output of the amplifier in Figure 12-47 if diode D, 
opens? 


DATASHEET PROBLEMS 


47. 


48. 


49, 


50. 


Refer to the partial 741 datasheet (LM741) in Figure 12-77. Determine the input resistance 
(impedance) of a noninverting amplifier which uses a 741 op-amp with Rp = 47 kO and 

R; = 470 Q. Use typical values. 

Refer to the partial datasheet in Figure 12-77. Determine the input impedances of a LM741 
op-amp connected as an inverting amplifier with a closed-loop voltage gain of 100 and 

Ry = 100kQ. 

Refer to Figure 12-77 and determine the minimum open-loop voltage gain for an LM741 
expressed as a ratio of output volts to input volts. 

Refer to Figure 12-77. How long does it typically take the output voltage of an LM741 to 
make a transition from —8 V to +8 V in response to a step input? 


ADVANCED PROBLEMS 


51. 


52. 


Design a noninverting amplifier with an appropriate closed-loop voltage gain of 150 and a 
minimum input impedance of 100 MOQ, using a 741 op-amp. Include bias current 
compensation. 


Design an inverting amplifier using a 741 op-amp. The voltage gain must be 68 + 5% and the 
input impedance must be approximately 10k. Include bias current compensation. 


THE OPERATIONAL AMPLIFIER 


Electrical Characteristics 


LM741A 


LM741 


LM741C 


A FIGURE 12-77 


Parameter Conditions Units 
Min | Typ | Max | Min | Typ | Max | Min | Typ | Max 
Input offset voltage Ty = 25°C 
Rg < 10kQ 5.0 _— 2.0 6.0 mV 
Rs $500 — 0.8 3.0 mV 
Tamin S$ Ta S$ Tamax 
Rs <500 — — 4.0 mV 
Rg < 10kQ 6.0 _— _— 75 mV 
Average input offset —_ —_— 15 UNI°C 
voltage drift 
Input offset voltage Ty = 25°C,Vg=+20V +10 — — — | +15 — — | +15 —_— mV 
adjustment range 
Input offset current Ta = 25°C — | 30 30 — 20 | 200 _— 20 | 200 nA 
Tamin S Ta S Tamax — _ 70 — 85 500 _ — | 300 nA 
Average input offset = = 0.5 nA/°C 
current drift 
Input bias current Ty= 28°C = 30 80 = 80 500 _ 80 500 nA 
Taman S$ Ta S$ Tamax — | — 40210} — | — | 15 = — | 08 HA 
Input resistance Ty = 25°C, Vs = +20 V 10 | 6.0 — | 03 | 2.0 — | 03 | 2.0 = MQ 
Tamin S$ Ta S$ Tamax 0.5 MO. 
Vs =+20V 
Input voltage range Ty = 25°C +12 | +13 Vv 
Tamin S$ Ta S$ Tamax | Se EDs |e |e) | Vv 
Large-signal voltage gain Ty = 25°C, Ry 22kO 
Vs = +20 V, Vo =+I5 V 50 V/mV 
V5 =+15 V, Vo =+10 V _ _ — 50 200 20 200 V/mV 
Tamin S$ Ta S$ Tamax 
Rp 22k0 
Vs = +20 V, Vo =+I15 V 32 V/mV 
Vs =+15 V, Vo=+10 V _ = = 25 = = 15 = = V/mV 
Vs =+5 V, Vo =+2V 10 V/mV 
Output voltage swing Vs =+20V 
R, 2 10kQ +16 Vv 
Rp 22k0 +15 Vv 
V,=+15 V 
R,210kQ — — — | £12 | +14 — | +12 | +14 = Vv 
R,22k0 = = — | +10 | +13 = | 210: | 213 _ Vv 
Output short circuit Ty=28C 10 25 35 — 25 — _— 25 _— mA 
Current Tymin ST, S$ Tamax 10 = 40 mA 
Common-mode Tamin S Ta S Tamax 
rejection ratio Rs $ 10 kQ, Voy = +12 V —_ — _ 70 90 _ 70 90 = dB 
Rs $50.0, Vey = +12 V 80 95 dB 
Supply voltage rejection Tamin $ Ta $ Tamax, 
ratio V, =+20 V to Vs =+5 V 
Rg $500 86 96 dB 
Rs < 10kQ = = = 77 96 = 77 96 = dB 
Transient response T, = 25°C, Unity gain 
Rise time — | 0.25 | 08 _ 0.3 —_ _ 0.3 _ Ls 
Overshoot — 6.0 20 — 5 — _— 5 —_— % 
Bandwidth Ty = 25°C 0.437 | 1.5 MHz 
Slew rate T, = 25°C, Unity gain 0.3 0.7 = = 0.5 — = 0.5 _ V/s 
Supply current Ta = 25°C _ _— 17 2.8 _ 17 2.8 mA 
Power consumption Ta = 25°C 
Vs =+20V _ 80 150 mW 
Vs =+15 V = = = —_ 50 85 = 50 85 mW 
LM741A Vs=+20V 
Ty, =TaMin — _ 165 mW 
Ty = Tmax — — 135 mW 
LM741 Vs =+15 V 
T, = Txmin eS ee me | [88 | a0 eS | mW 
Ta = TaMax = — = — 45 1d —_ —_ —_— mW 
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53. Design a noninverting amplifier with an upper critical frequency, f.,, of 10 kHz using a 


741 op-amp. The de supply voltages are +15 V. Refer to Figure 12-78. Include bias current 
compensation. 


A,» Voltage gain (dB) 


1.0 10 100 1.0k 10k 100k 10M 10M 
f, frequency (Hz) 


A FIGURE 12-78 


54. For the circuit you designed in Problem 53, determine the minimum load resistance if the mini- 
mum output voltage swing is to be +10 V. Refer to the datasheet graphs in Figure 12-79. 


55. Design an inverting amplifier using a 741 op-amp if a midrange voltage gain of 50 and a band- 
width of 20 kHz is required. Include bias current compensation. 


56. What is the maximum closed-loop voltage gain that can be achieved with a 741 op-amp if the 
bandwidth must be no less than 5 kHz? 


15 15 
14 +15 V supplies 14 
13 13 +15 V supplies 
“ 12 “e —12 — 
> I +12 V = I 
o 10 —+ © 10 
2 90 2 90 =v 
gS 8.0 TOV gS -8.0 
3 7.0 = 3 -7.0 TOV 
= 6.0 & -6.0 — 
o 5.0 o -5.0 
> 40 =6V > -4.0 
3.0 -3.0 =6¥ 
2.0 2.0 
1. 1.0 
100 200 500 700 1.0k = 2.0k 5.0k 7.0k 10k 100 = 200 500 700 1.0k = 2.0k 5.0k 7.0k 10k 


R,, load resistance (Q) R,, load resistance (Q)) 


(a) Positive output voltage swing versus load resistance (b) Negative output voltage swing versus load resistance 


A FIGURE 12-79 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the companion website. 
57. Open file TSP12-57 and determine the fault. 

58. Open file TSP12-58 and determine the fault. 

59. Open file TSP12-59 and determine the fault. 

60. Open file TSP12-60 and determine the fault. 

61. Open file TSP12-61 and determine the fault. 
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62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 


Open file TSP12-62 and determine the fault. 
Open file TSP12-63 and determine the fault. 
Open file TSP12-64 and determine the fault. 
Open file TSP12-65 and determine the fault. 
Open file TSP12-66 and determine the fault. 
Open file TSP12-67 and determine the fault. 
Open file TSP12-68 and determine the fault. 
Open file TSP12-69 and determine the fault. 
Open file TSP12-70 and determine the fault. 
Open file TSP12-71 and determine the fault. 
Open file TSP12-72 and determine the fault. 


Basic Op-AMP CIRCUITS 
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CHAPTER OUTLINE APPLICATION ACTIVITY PREVIEW 


13-1 Comparators In the Application Activity in this chapter, an audio signal 
13-2 Summing Amplifiers generator manufactured by a certain company is modified 
to include a pulse generator to provide a signal source for 
1304 “iroubleshagane digital circuits. A voltage comparator generates the pulse 
x waveform from the sine wave output of the audio generator. 
Application Activity The duty cycle of the pulse waveform can be varied and is 
Programmable Analog Technology compatible with +5 V logic circuits. 


13-3 Integrators and Differentiators 


CHAPTER OBJECTIVES VISIT THE COMPANION WEBSITE 


¢@ Describe and analyze the operation of several types Study aids and Multisim files for this chapter are available at 
of comparator circuits http://www. pearsonhighered.com/electronics 

¢ Describe and analyze the operation of several types 
of summing amplifiers INTRODUCTION 

¢ Describe and analyze the operation of integrators and 
differentiators 


In the last chapter, you learned about the principles, 
operation, and characteristics of the operational amplifier. 
@ Troubleshoot op-amp circuits Op-amps are used in such a wide variety of circuits and 
applications that it is impossible to cover all of them in one 
chapter, or even in one book. Therefore, in this chapter, four 
— fundamentally important circuits are covered to give you a 


¢ Comparator @ Summing amplifier foundation in op-amp circuits. 
® Hysteresis @ Integrator 

Schmitt trigger ¢ Differentiator 

@ Bounding 


= 


bes 
~—s 


~ 
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13-1 COMPARATORS 


Operational amplifiers are often used as comparators to compare the amplitude of one 
voltage with another. In this application, the op-amp is used in the open-loop configu- 
ration, with the input voltage on one input and a reference voltage on the other. 


After completing this section, you should be able to 


4 Describe and analyze the operation of several types of comparator circuits 
4 Discuss the operation of a zero-level detector 
4 Describe the operation of a nonzero-level detector 

¢ Calculate the reference voltage ¢ Analyze a nonzero-level detector 
4 Discuss how input noise affects comparator operation 

¢ Define hysteresis ¢ Explain how to reduce noise effects with hysteresis 

¢ Calculate the upper and lower trigger points ¢ Explain what a Schmitt trigger is 
4 Describe the operation of comparators with output bounding 

¢ Define bounding ¢ Analyze a comparator with both hysteresis 

and output bounding 
4 Discuss examples of comparator applications 

¢ Explain the operation of an over-temperature sensing circuit 

¢ Describe analog-to-digital (A/D) conversion 


A comparator is a specialized op-amp circuit that compares two input voltages and pro- 
duces an output that is always at either one of two states, indicating the greater or less than 
relationship between the inputs. Comparators provide very fast switching times, and many 
have additional capabilities (such as fast propagation delay or internal reference voltages) to 
optimize the comparison function. For example, some ultra-high-speed comparators can 
have propagation delays of as little as 500 ps. Because the output is always in one of two 
states, comparators are often used to interface between an analog and digital circuit. 

For less critical applications, an op-amp running without negative feedback (open-loop) 
is often used as a comparator. Although op-amps are much slower and lack other special 
features, they have very high open-loop gain, which enables them to detect very tiny dif- 
ferences in the inputs. In general, comparators cannot be used as op-amps, but op-amps 
can be used as comparators in noncritical applications. Because an op-amp without nega- 
tive feedback is essentially a comparator, we will look at the comparison function using a 
typical op-amp. 


Zero-Level Detection 


One application of an op-amp used as a comparator is to determine when an input voltage 
exceeds a certain level. Figure 13—1(a) shows a zero-level detector. Notice that the invert- 
ing (—) input is grounded to produce a zero level and that the input signal voltage is ap- 
plied to the noninverting (+) input. Because of the high open-loop voltage gain, a very 
small difference voltage between the two inputs drives the amplifier into saturation, caus- 
ing the output voltage to go to its limit. For example, consider an op-amp having A,; = 
100,000. A voltage difference of only 0.25 mV between the inputs could produce an output 
voltage of (0.25 mV)(100,000) = 25 V if the op-amp were capable. However, since most 
op-amps have maximum output voltage limitations near the value of their de supply volt- 
ages, the device would be driven into saturation. 

Figure 13—1(b) shows the result of a sinusoidal input voltage applied to the noninverting 
(+) input of the zero-level detector. When the sine wave is positive, the output is at its max- 
imum positive level. When the sine wave crosses 0, the amplifier is driven to its opposite 
state and the output goes to its maximum negative level, as shown. As you can see, the zero- 
level detector can be used as a squaring circuit to produce a square wave from a sine wave. 
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<@ FIGURE 13-1 


The op-amp as a zero-level detector. 


Vig 0 r 
| | | 
= | | | 
= Vout 
| | | 
4V | | | 
out(max) 
~) Yin Vou t 0 it 
— - Vout(max) 


(a) (b) 


Nonzero-Level Detection 


The zero-level detector in Figure 13—1 can be modified to detect positive and negative volt- 
ages by connecting a fixed reference voltage source to the inverting (—) input, as shown in 
Figure 13—2(a). A more practical arrangement is shown in Figure 13—2(b) using a voltage 
divider to set the reference voltage, Vepp, as follows: 


Ry 


=—*_«y 
R, + Ry’ ) 


VREF 
where +V is the positive op-amp dc supply voltage. The circuit in Figure 13—2(c) uses a 
zener diode to set the reference voltage (Vyzp = Vz). As long as Vj, is less than Vpgp, the 


+V 


Vout 


out out 


VREF 


(a) Battery reference (b) Voltage-divider reference (c) Zener diode sets reference voltage 
VREF 
Vin O >t 
+V outimax) 
Vout 0 >t 
—Vout(max) 
(d) Waveforms 


A FIGURE 13-2 


Nonzero-level detectors. 
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output remains at the maximum negative level. When the input voltage exceeds the refer- 
ence voltage, the output goes to its maximum positive voltage, as shown in Figure 13—2(d) 
with a sinusoidal input voltage. 


EXAMPLE 13-1 The input signal in Figure 13—3(a) is applied to the comparator in Figure 13—3(b). 
Draw the output showing its proper relationship to the input signal. Assume the maxi- 
mum output levels of the comparator are +14 V. 


FIGURE 13-3 ; 
+15 V 

5Vq 

Ry 

8.2kO 

Vin i of Vout 
Vig 

Ry 

1.0k0, 
5 V7 


(a) (b) 


Solution The reference voltage is set by R; and R> as follows: 


1.0k0 
~ 82kO + 1.0kO 


Gay) (+15 V) = 1.63 V 


2 
Vers = 
Se eR; 
As shown in Figure 13—4, each time the input exceeds + 1.63 V, the output voltage 
switches to its +14 V level, and each time the input goes below +1.63 V, the output 
switches back to its —14 V level. 


FIGURE 13-4 


>t 


-14V 


Related Problem Determine the reference voltage in Figure 13-3 if R; = 22kQ and R, = 3.3kQ. 


“Answers can be found at www.pearsonhighered.com/floyd. 


Open the Multisim file E13-01 in the Examples folder on the companion website. 
Compare the output waveform to the specified input at any arbitrary frequency 
and verify that the reference voltage agrees with the calculated value. 


Effects of Input Noise on Comparator Operation 


In many practical situations, noise (unwanted voltage fluctuations) appears on the input line. 
This noise voltage becomes superimposed on the input voltage, as shown in Figure 13-5 for 
the case of a sine wave, and can cause a comparator to erratically switch output states. 


7—— Noise <4 FIGURE 13-5 


Sine wave with superimposed noise. 


In order to understand the potential effects of noise voltage, consider a low-frequency 
sinusoidal voltage applied to the noninverting (+) input of an op-amp comparator used as 
a zero-level detector, as shown in Figure 13—6(a). Part (b) of the figure shows the input sine 
wave plus noise and the resulting output. When the sine wave approaches 0, the fluctua- 
tions due to noise may cause the total input to vary above and below 0 several times, thus 
producing an erratic output voltage. 


out 


(a) 


Veni 0 = 


V, 


~* max 


(b) 


Reducing Noise Effects with Hysteresis An erratic output voltage caused by noise on 
the input occurs because the op-amp comparator switches from its negative output state to 
its positive output state at the same input voltage level that causes it to switch in the oppo- 
site direction, from positive to negative. This unstable condition occurs when the input 
voltage hovers around the reference voltage, and any small noise fluctuations cause the 
comparator to switch first one way and then the other. 

In order to make the comparator less sensitive to noise, a technique incorporating posi- 
tive feedback, called hysteresis, can be used. Basically, hysteresis means that there is a 
higher reference level when the input voltage goes from a lower to higher value than when 
it goes from a higher to a lower value. A good example of hysteresis is a common house- 
hold thermostat that turns the furnace on at one temperature and off at another. 
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< FIGURE 13-6 
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Effects of noise on comparator 
circuit. 
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The two reference levels are referred to as the upper trigger point (UTP) and the lower 
trigger point (LTP). This two-level hysteresis is established with a positive feedback 
arrangement, as shown in Figure 13-7. Notice that the noninverting (+) input is connected 
to a resistive voltage divider such that a portion of the output voltage is fed back to the 
input. The input signal is applied to the inverting (—) input in this case. 


> FIGURE 13-7 


Comparator with positive feedback 


i V, 
for hysteresis. out 


The basic operation of the comparator with hysteresis is illustrated in Figure 13-8. 
Assume that the output voltage is at its positive maximum, + Voy max), The voltage fed 
back to the noninverting input is Vyrp and is expressed as 


Ry 
Equation 13-1 Vure = R, + Ry (+Vout(max)) 
i are V. t+V outimax) +Vout(max) 
\ in 
v 7 me. 
‘% o —Vout(max) —Vout(max) 
R 
Ry 
(a) When the output is at the maximum positive voltage and the input (b) When the output is at the maximum negative voltage and the input 
exceeds UTP the output switches to the maximum negative voltage. goes below LTP. the output switches back to the maximum 


positive voltage. 


Vin 0 


+V, 


out(max) 


-V, 


out(max) 


(c) Device triggers only once when UTP or LTP is reached; 
thus, there is immunity to noise that is riding on the 
input signal. 


A FIGURE 13-8 


Operation of a comparator with hysteresis. 


When V;,, exceeds Vyrp, the output voltage drops to its negative maximum, — Vomax)> aS 
shown in part (a). Now the voltage fed back to the noninverting input is Vp-p and is ex- 
pressed as 


R2 
Vite = R, + Ryo Veutinax) 

The input voltage must now fall below Vp, as shown in part (b), before the device will 
switch from the maximum negative voltage back to the maximum positive voltage. This 
means that a small amount of noise voltage has no effect on the output, as illustrated by 
Figure 13—8(c). 

A comparator with built-in hysteresis is sometimes known as a Schmitt trigger. The 
amount of hysteresis is defined by the difference of the two trigger levels. 


Vays = Vure — Virp 
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Equation 13-2 


Equation 13-3 
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EXAMPLE 13-2 Determine the upper and lower trigger points for the comparator circuit in Figure 


[See NccMMCiiAtmmVentnaia am and = Voicmax) — — V- 


®» FIGURE 13-9 
Ve 


: Ro 
Solution Vure = R + Ry mena) = 0.555 V) = +2.5V 
Ry 
Virp = Peeeons (—Warstgaensy) 05 (5)V)) = 2.5 V 


Related Problem Determine the upper and lower trigger points in Figure 13-9 for R; = 68kQ and 
Ry = 82kQ. Also assume the maximum output voltage levels are now+7 V. 


Open the Multisim file E13-02 in the Examples folder on the companion website. 


Determine the upper and lower trigger points and compare with 
values using a5 V rms, 60 Hz sine wave for the input. 


the calculated 


Output Bounding 


In some applications, it is necessary to limit the output voltage levels of a comparator to a 
value less than that provided by the saturated op-amp. A single zener diode can be used, as 
shown in Figure 13-10, to limit the output voltage to the zener voltage in one direction and 
to the forward diode voltage drop in the other. This process of limiting the output range is 
called bounding. 
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» FIGURE 13-10 


Comparator with output bounding. R; 


out 


The operation is as follows. Since the anode of the zener is connected to the inverting 
(—) input, it is at virtual ground (= 0 V). Therefore, when the output voltage reaches a 
positive value equal to the zener voltage, it limits at that value, as illustrated in Figure 
13-11(a). When the output switches negative, the zener acts as a regular diode and be- 
comes forward-biased at 0.7 V, limiting the negative output voltage to this value, as shown 
in part (b). Turning the zener around limits the output voltage in the opposite direction. 


» FIGURE 13-11 cae 
Operation of a bounded comparator. v,, i 
ro ANN t+Vz 
OV | | 
0 
-0.7 V 
(a) Bounded at a positive value 
+0.7 V 


(b) Bounded at a negative value 


Two zener diodes arranged as in Figure 13—12 limit the output voltage to the zener volt- 
age plus the forward voltage drop (0.7 V) of the forward-biased zener, both positively and 
negatively, as shown. 


> FIGURE 13-12 


Double-bounded comparator. 
+Vz7. + 0.7 V 


oO 0) 


-Vz,-0.7V 


EXAMPLE 13-3 Determine the output voltage waveform for Figure 13-13. 


Solution This comparator has both hysteresis and zener bounding. The voltage across D, and 
Dy in either direction is 4.7 V + 0.7 V = 5.4 V. This is because one zener is always 
forward-biased with a drop of 0.7 V when the other one is in breakdown. 


COMPARATORS 


FIGURE 13-13 
dD, Dy 
+5. V 47V 4.7V 
Ls ® 
0 oy 

5 Vv Vout 
R, 
100 kQ, 
Ry 
47 kO 


The voltage at the inverting (—) op-amp input is V,,,, + 5.4 V. Since the differen- 
tial voltage is negligible, the voltage at the noninverting (+) op-amp input is also 
approximately V,,,, + 5.4 V. Thus, 

Viera (Ven, = 0-4 V)) = +5.4 V 

Vri +5.4V 
nie = 

Ry 100kQ 


= +54 pA 


Since the noninverting input current is negligible, 
Tro = Ip, = +54 pA 
Vrzo = Rolrn = (47kO)(£54 wA) = £2.54V 
Vout = Vari + Varo = £5.4V + 2.54V = +7.94V 
The upper trigger point (UTP) and the lower trigger point (LTP) are as follows: 


R> ATKO, 
Yur = | === evan = (+7.94V) = +2.54V 


Ree R, 147kQ 
Virp = (2S) y= aM )er 94V) = -2.54V 
BS Ry ER, OM 147kO 


The output waveform for the given input voltage is shown in Figure 13-14. 


FIGURE 13-14 
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Related Problem 


Determine the upper and lower trigger points for Figure 13-13 if Rj = 150kQ, 
R> = 68kQ, and the zener diodes are 3.3 V devices. 


Open the Multisim file E13-03 in the Examples folder on the companion website. 
Compare the output waveform to the specified input at any arbitrary frequency and 
see if the upper and lower trigger points agree with the calculated values. 


> FIGURE 13-15 


An over-temperature sensing circuit. 


Comparator Applications 


Over-Temperature Sensing Circuit Figure 13-15 shows an op-amp comparator used in 
a precision over-temperature sensing circuit to determine when the temperature reaches a 
certain critical value. The circuit consists of a Wheatstone bridge with the op-amp used to 
detect when the bridge is balanced. One leg of the bridge contains a thermistor (R,), which 
is a temperature-sensing resistor with a negative temperature coefficient (its resistance 
decreases as temperature increases). The potentiometer (R2) is set at a value equal to the 
resistance of the thermistor at the critical temperature. At normal temperatures (below 
critical), R, is greater than R>, thus creating an unbalanced condition that drives the op-amp 
to its low saturated output level and keeps transistor Q, off. 


Wheatstone bridge : 


As the temperature increases, the resistance of the thermistor decreases. When the tem- 
perature reaches the critical value, R; becomes equal to R», and the bridge becomes bal- 
anced (since R3 = R4). At this point the op-amp switches to its high saturated output level, 
turning Q, on. This energizes the relay, which can be used to activate an alarm or initiate 
an appropriate response to the over-temperature condition. 


Analog-to-Digital (A/D) Conversion A/D conversion is a common interfacing process 
often used when a linear analog system must provide inputs to a digital system. Many 
methods for A/D conversion are available. However, in this discussion, only one type is 
used to demonstrate the concept. 

The simultaneous, or flash, method of A/D conversion uses parallel comparators to com- 
pare the linear input signal with various reference voltages developed by a voltage divider. 
When the input voltage exceeds the reference voltage for a given comparator, a high level is 
produced on that comparator’s output. Figure 13-16 shows an analog-to-digital converter 
(ADC) that produces three-digit binary numbers on its output, which represent the values of 
the analog input voltage as it changes. This converter requires seven comparators. In gen- 
eral, 2” — 1 comparators are required for conversion to an n-digit binary number. The large 
number of comparators necessary for a reasonably sized binary number is one of the 
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drawbacks of the simultaneous ADC, but IC technology has reduced the problem somewhat 
by combining multiple comparators and associated circuits on a single IC chip. For exam- 
ple, 6- or 8-bit flash converters are readily available. These ADCs are useful in applications 
that require the fastest possible conversion times, such as video processing. 


Vise <4 FIGURE 13-16 
fe) 


Op-amp A simplified simultaneous (flash) 
Sr comparators analog-to-digital converter (ADC) 


V, using op-amps as comparators. 


in 


© 
(analog) 


Priority 
encoder 


= 

D, Binary 
-——o 

Do output 
t+——o 


f 


Enable 
input 


In Figure 13-16, the reference voltage for each comparator is set by the resistive voltage- 
divider circuit and Vpgp. The output of each comparator is connected to an input of the 
priority encoder. The priority encoder is a digital device that produces a binary number on 
its output representing the highest value input. 

The encoder samples its input when a pulse occurs on the enable line (sampling pulse), 
and a three-digit binary number proportional to the value of the analog input signal appears 
on the encoder’s outputs. 

The sampling rate determines the accuracy with which the sequence of binary numbers 
represents the changing input signal. The more samples taken in a given unit of time, the 
more accurately the analog signal is represented in digital form. 

The following example illustrates the basic operation of the simultaneous ADC in 
Figure 13-16. 


EXAMPLE 13-4 Determine the binary number sequence of the three-digit simultaneous ADC in Figure 
13-16 for the input signal in Figure 13-17 and the sampling pulses (encoder enable) 
shown. Draw the resulting digital output waveforms. 
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» FIGURE 13-17 


Sampling of values on analog 
waveform for conversion to 
digital. 


Solution 


Related Problem 


Vin (V) 
A 


COorRFN WHEY DN 


>t 


123 45 6 7 8 9 10 11 12 
Encoder enable pulses 


(sampling pulses) 


The resulting binary output sequence is listed as follows and is shown in the waveform 
diagram of Figure 13-18 in relation to the sampling pulses. 


O11, 101, 110, 110, 100, 001, 000, 001, O10, 101, 110, 111 


» FIGURE 13-18 


Encoder 
Resulting digital outputs for enable 
. . just i 
sampled values in Figure 13-17. puerto tg tg 's!@ 171g 19 NOUT 12 


Dg is the least significant digit. bbe 
ofrtififofototofifit 
ae: ror it 
| | I 


If the frequency of the enable pulses in Figure 13-17 is doubled, does the resulting bi- 
nary output sequence represent the analog waveform more or less accurately? 


Specific Comparators 


The LM111 and LM311 are examples of specific comparators that exhibit high switching 
speeds and other features not normally found on the general type of op-amp. These com- 
parators can operate with supply voltages from +15 V to a single +5 V. The open collector 
output provides the capability of driving loads that require voltages up to 50 V referenced to 
ground or to the supply voltages. An offset balancing input and a strobe input allow the 
output to be turned on or off regardless of the differential input. 


1. What is the reference voltage for each comparator in Figure 13-19? 
_ What is the purpose of hysteresis in a comparator? 


3. Define the term bounding in relation to a comparator’s output. 
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Vow 


(b) 


13—2 SUMMING AMPLIFIERS 


The summing amplifier is an application of the inverting op-amp configuration cov- 
ered in Chapter 12. The averaging amplifier and the scaling amplifier are variations of 
the basic summing amplifier. 


After completing this section, you should be able to 


a Describe and analyze the operation of several types of summing amplifiers 


Summing Amplifier with Unity Gain 


A summing amplifier has two or more inputs, and its output voltage is proportional to 
the negative of the algebraic sum of its input voltages. A two-input summing amplifier is 
shown in Figure 13-20, but any number of inputs can be used. The operation of the circuit 
and derivation of the output expression are as follows. Two voltages, Vij; and Vjno, are ap- 
plied to the inputs and produce currents J, and J5, as shown. Using the concepts of infinite 


<( FIGURE 13-20 
Two-input inverting summing 
amplifier. 
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Equation 13-4 


input impedance and virtual ground, you can determine that the inverting (—) input of the 
op-amp is approximately 0 V and has no current through it. This means that the total cur- 
rent /;, which goes through R; divides into J; and /, at summing point A, as indicated in 
Figure 13-20. 

Iy =] 1 + 6) 
Since Vout = —/7 Ry the following steps apply: 


Vint , Ving 
Vout = ~Uy + I)Rp = (= Be Ro Ry 


If all three of the resistors are equal (R; = R2 = Ry = R), then 


Vint . Vin2 
Vout ( R + R R= —(Vini + Vinz) 


The previous equation shows that the output voltage has the same magnitude as the sum of 
the two input voltages but with a negative sign, indicating inversion. 

A general expression is given in Equation 13—4 for a unity-gain summing amplifier 
with n inputs, as shown in Figure 13—21 where all resistors are equal in value. 


Vour = —(WVini + Vinz + Ving + ++ ° + Vinn) 


» FIGURE 13-21 R, 


Ry 


Summing amplifier with n inputs. 


Vout 


EXAMPLE 13-5 


» FIGURE 13-22 


Solution 


Related Problem 


Determine the output voltage in Figure 13-22. 


10 kQO 


Vin) = +3 V 


Vino = +1 V 


Vin3 = +8 V 


Vout = —(Vini + Vin2 + Vin3) = —-BV+1V + 8V) = -12V 


If a fourth input of —0.5 V is added to Figure 13-22 with a 10 kQ. resistor, what is the 
output voltage? 


Open the Multisim file E13-05 in the Examples folder on the companion website. 
Apply the indicated dc voltages to the inputs of the summing amplifier and verify 
that the output is the inverted sum of the inputs. 
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Summing Amplifier with Gain Greater Than Unity 


When fy is larger than the input resistors, the amplifier has a gain of R;/R, where R is the 
value of each equal-value input resistor. The general expression for the output is 


R 
Vout = -= (Vint + Ving + +++ + Vina) Equation 13-5 


As you can see, the output voltage has the same magnitude as the sum of all the input volt- 
ages multiplied by a constant determined by the ratio —(R,/R). 


EXAMPLE 13-6 Determine the output voltage for the summing amplifier in Figure 13-23. 


» FIGURE 13-23 


Ry 


R, 


Ving =02 Vo 
1.0kOQ 

Ry 
Vino =0.5V0 
1.0k0, 


Solution Ry= 10kQ andR = R; = Ry = 1.0k0. Therefore, 


Vi 2G a 
OWT F R IN1 iN 1.0kO 


(ODN ETO SIV) — 00.7 V) = —7V 


Related Problem Determine the output voltage in Figure 13-23 if the two input resistors are 2.2 kQ, and 
the feedback resistor is 18kQ.. 


Open the Multisim file E13-06 in the Examples folder on the companion website. 
Apply the indicated dc voltages to the inputs of the summing amplifier and verify 
that the output is the inverted sum of the inputs times a gain of 10. 


Averaging Amplifier 
A summing amplifier can be made to produce the mathematical average of the input 
voltages. This is done by setting the ratio R¢/R equal to the reciprocal of the number of 
inputs (7). 

i 


R n 


You obtain the average of several numbers by first adding the numbers and then dividing 
by the quantity of numbers you have. Examination of Equation 13-5 and a little thought 
will convince you that a summing amplifier can be designed to do this. The next example 
will illustrate. 
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EXAMPLE 13-7 Show that the amplifier in Figure 13—24 produces an output whose magnitude is the 
mathematical average of the input voltages. 


® FIGURE 13-24 


R, 


Vinp =t1V 


Vino = +2 V 


Ving = +3 V Vout 


Ving = +4 V 
100 kQ 


Solution Since the input resistors are equal, R = 100kQ. The output voltage is 


R 
i 
Your = = RMN + Ving + Vin3 + Vina) 


25kQD 1 
=— GQV+2V+3V+4V) =——(0V) = —-2.5V 
100k, 4 


A simple calculation shows that the average of the input values is the same magnitude 

as Vour but of opposite sign. 

VEO eetO ict 4 VE) 10'V 
4 4 


Viniave) = =2.5V 


Related Problem Specify the changes required in the averaging amplifier in Figure 13—24 in order to 
handle five inputs. 


Open the Multisim file E13-07 in the Examples folder on the companion website. 
Apply the indicated dc voltages to the inputs of the summing amplifier and verify 
that the output is the inverted average of the inputs. 


Scaling Adder 


A different weight can be assigned to each input of a summing amplifier by simply adjusting 
the values of the input resistors. As you have seen, the output voltage can be expressed as 


( Ry Ry Ry ) 
Equation 13-6 V = -—|— Vy + —Vnn + *°° + — VY, 
q OUT Ri INI R, IN2 R, INn 
The weight of a particular input is set by the ratio of Ry to the resistance, R,, for that 
input (R, = R,, Ro, - - - R,). For example, if an input voltage is to have a weight of 1, then 
R, = Ry. Or, if a weight of 0.5 is required, R, = 2Ry. The smaller the value of input resist- 
ance R,, the greater the weight, and vice versa. 


EXAMPLE 13-8 Determine the weight of each input voltage for the scaling adder in Figure 13—25 and 
find the output voltage. 
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» FIGURE 13-25 


Viny = +3 V 


Ving = +2 V 


Vout 


Vin3 = +8 V 


Solution Weight of input 1: *s i 0.213 
eight of inpu "Rh 47KO L 
R 
i 10kQ 
Weight of input 2; — = = 0.100 
Co &  100k0 
Rr  10kO 
Weight of input 3: > = TokO = 1.00 


The output voltage is 
R R R 
f if io 
Your = =| “isn a? =n a el 4 
OUT ( R, "Rp," R, ws) 
= —[0.213(3 V) + 0.100(2 V) + 1.00(8 V)] 
= —(0.639V + 0.2V + 8V) = —8.84V 


Related Problem Determine the weight of each input voltage in Figure 13-25 if Ry = 22kQ, 
Ry = 82kQ, R3 = 56kQ, and Ry = 10kQ. Also find Vout. 


Open the Multisim file E13-08 in the Examples folder on the companion website. 
Apply the indicated dc voltages to the inputs of the summing amplifier and verify 
that the output agrees with the calculated value. 


Applications 


D/A conversion is an important interface process for converting digital signals to analog 
(linear) signals. An example is a voice signal that is digitized for storage, processing, or 
transmission and must be changed back into an approximation of the original audio signal 
in order to drive a speaker. 

One method of D/A conversion uses a scaling adder with input resistor values that rep- 
resent the binary weights of the digital input code. Although this is not the most widely 
used method, it serves to illustrate how a scaling adder can be applied. A more common 
method for D/A conversion is known as the R/2R ladder method. The R/2R ladder is intro- 
duced here for comparison although it does not use a scaling adder. 

Figure 13-26 shows a four-digit digital-to-analog converter (DAC) of this type (called a 
binary-weighted resistor DAC). The switch symbols represent transistor switches for ap- 
plying each of the four binary digits to the inputs. The inverting (—) input is at virtual 
ground, and so the output voltage is proportional to the current through the feedback resis- 
tor Ry (sum of input currents). The lowest-value resistor R corresponds to the highest 
weighted binary input (23). All of the other resistors are multiples of R and correspond to 
the binary weights 2”, 2', and 2°. 
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» FIGURE 13-26 


Circuits 


A scaling adder as a four-digit 
digital-to-analog converter (DAC). 


EXAMPLE 13-9 


Determine the output voltage of the DAC in Figure 13—27(a). The sequence of four- 
digit binary codes represented by the waveforms in Figure 13—27(b) are applied to the 
inputs. A high level is a binary 1, and a low level is a binary 0. The least significant bi- 
nary digit is Do. 


200 kQ. 
R 
_ 01234567 8 9101112131415 
ie oy SLL Leer 
10kO ee hie) 
+: | | 
50 kO ae La 
he, We ee Ee 4] riod | 
ae se Senge here gaye 
25 kO, ee be ea 
eee le 
= we 
(b) 
A FIGURE 13-27 
Solution First, determine the current for each of the weighted inputs. Since the inverting input of 


the op-amp is at 0 V (virtual ground) and a binary | corresponds to a high level (+5 V), 
the current through any of the input resistors equals 5 V divided by the resistance value. 


ee 0025 mA 
cS xk °° 
i= aw. = 0.05 mA 
ae 00ko 

ay 
Ih = SS = Haas 
2=soKn ° 

5V 
la = SSS = OD iwWN 
= en ae 


There is almost no current at the inverting op-amp input because of its extremely 
high impedance. Therefore, assume that all of the input current is through Ry Since 
one end of Reis at 0 V (virtual ground), the drop across Ry equals the output voltage, 
which is negative with respect to virtual ground. 

Vout (p1) = TReh = =(10) kQ)(0.05 mA) = -05V 
Vout(p2) = Rely = —(10 kQ)(0.1 mA) = -1V 
Vout b3) = —Ryly = —(10 kQ)(0.2 mA) = -2V 
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(b), the first binary input code is 0000, which produces an output 

<t input code is 0001 (it stands for decimal 1). For this, the output 
‘The ne code is 0010, which produces an output voltage of —0.5 V. 

01 produces an output voltage of —0.25 V + (—0.5 V) = 

ive binary code increases the output voltage by —0.25 V. So, for 

sequence on the inputs, the output is a stairstep waveform 

—0.25 V steps, as shown in Figure 13-28. If the steps are 


Pp appro roximates a straight line (linear). 


error eax cH GB 

Cooconwt et CO CO BH Se CO 

SSooR STH LS 

Saas ee ae we et CO : ‘ 
> Binary input 


Figure 13—27(a) is changed to 400 kQ, would the other resis- 
iged? If so, specify the values. 


As mentioned before, the R/2R ladder is more commonly used for D/A conversion than 
the scaling adder and is shown in Figure 13-29 for four bits. It overcomes one of the dis- 
advantages of the binary-weighted-input DAC because it requires only two resistor values. 


Inputs <@ FIGURE 13-29 
5 Dp D, D, OD, An R/2R ladder DAC. 
R R; Rs R; Ry = 2R 
2R 2R 2R 2R 
Ry Ry Re R 
[ a8 “= . x Vous 


Assume that the D3 input is HIGH (+5 V) and the others are LOW (ground, 0 V). This 
condition represents the binary number 1000. A circuit analysis will show that this reduces 
to the equivalent form shown in Figure 13—30(a). Essentially no current goes through the 
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Equivalent ladder 
resistance with D,, ——» 
D,, and Dy grounded 


© Vou = IR; eae atv 


(a) Equivalent circuit for D3 = 1, D, = 0, Dj = 0, Dp = 0 


OR 2R 


Dy =0 D;=0 
D, =0 


(b) Equivalent circuit for D3; = 0, Dy = 1, D,) = 0, Dp = 0 


fe 1.25 V 
D,=1 iy = 
R; + 
OR 2R 
6 <, Rs ” Roy Rg 
| TH © 
WAM — +18 ve WW 
REQ Rs Ry — T=0 t 
=2R 2R 2R 
| | a Ry = —IR¢ 
= = = —e 2R = 
= -C3 BV oR a 105 
Dy) =0 Dy =0 D,=0 a 
(c) Equivalent circuit for D3 = 0, D, = 0, D; = 1, Do =0 
+5V 7 = 0:625 V 
9 Do=1 Ry ~oR Re 
R, + 
2R 2R 
Ry Re <, Rs Roy 
+—\W\—¢Wy—9—Ly Vine OAM WM 
R Rr | R =0V —= +0625V oR e 
R, R; Rs R; = a ‘ | - 
2R 2R 2R 2R 
t ot t Ry 
SS = | = | = | a OR S Vow = IR, 
- 0.625 V 
D,=0 D,=0  D;=0 a ( oe ) aR = 0.625 V 


(d) Equivalent circuit for D3 = 0, Dy = 0, D; = 0, Dy = | 


A FIGURE 13-30 
Analysis of the R/2R ladder DAC. 
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2R equivalent resistance because the inverting input is at virtual ground. Thus, all of the 
current (J = 5 V/2R) through R7 is also through Ry, and the output voltage is —5 V. The op- 
erational amplifier keeps the inverting (—) input near zero volts (~ 0 V) because of nega- 
tive feedback. Therefore, all current is through Ry rather than from the inverting input. 

Figure 13—30(b) shows the equivalent circuit when the D2 input is at +5 V and the others are 
at ground. This condition represents 0100. If we thevenize looking from Rg, we get 2.5 V in 
series with R, as shown. This results in a current through Ry of J = 2.5 V/2R, which gives an 
output voltage of —2.5 V. Keep in mind that there is no current from the op-amp inverting input 
and that there is no current through R7 because it has 0 V across it, due to the virtual ground. 

Figure 13—30(c) shows the equivalent circuit when the D; input is at +5 V and the oth- 
ers are at ground. This condition represents 0010. Again thevenizing looking from Rg, you 
get 1.25 V in series with R as shown. This results in a current through Ry of J = 1.25 V/2R, 
which gives an output voltage of —1.25 V. 

In part (d) of Figure 13-30, the equivalent circuit representing the case where Dg is at 
+5 V and the other inputs are at ground is shown. This condition represents 0001. 
Thevenizing from Rg gives an equivalent of 0.625 V in series with R as shown. The result- 
ing current through Ry is J = 0.625 V/2R, which gives an output voltage of —0.625 V. 

Notice that each successively lower-weighted input produces an output voltage that is 
halved, so that the output voltage is proportional to the binary weight of the input bits. 


e summing point. 


it resistor? 


at is the value of R¢/R for a five-input averaging amplifier? 
n scaling adder has two inputs, one having twice the weight of the other. If the 
value for the lower-weighted input is 10 kO, what is the value of the other 


5 
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An op-amp integrator simulates mathematical integration, which is basically a sum- 
ming process that determines the total area under the curve of a function. An op-amp 
differentiator simulates mathematical differentiation, which is a process of determin- 
ing the instantaneous rate of change of a function. It is not necessary for you to under- 
stand mathematical integration or differentiation, at this point, in order to learn how an 
integrator and differentiator work. Ideal integrators and differentiators are used to 
show basic principles. Practical integrators often have an additional resistor in parallel 
with the feedback capacitor to prevent saturation. Practical differentiators may include 
a resistor in series with the comparator to reduce high frequency noise. 


After completing this section, you should be able to 


a Describe and analyze the operation of integrators and differentiators 
4 Describe and identify the op-amp integrator 
¢ Discuss the ideal integrator ¢ Explain how a capacitor charges 
¢ Discuss the capacitor voltage, the output voltage, and the rate of change of the 
output voltage + Describe the practical integrator 
4 Describe and identify the op-amp differentiator 
¢ Discuss the ideal differentiator + Discuss the practical differentiator 


The Op-Amp Integrator 


The Ideal Integrator An ideal integrator is shown in Figure 13-31. Notice that the feed- 
back element is a capacitor that forms an RC circuit with the input resistor. 
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> FIGURE 13-31 Cc 


An op-amp integrator. ;—| 


Vin 


out 


How a Capacitor Charges To understand how an integrator works, it is important to re- 
view how a capacitor charges. Recall that the charge Q on a capacitor is proportional to the 
charging current (J) and the time (). 


Q = Ict 
Also, in terms of the voltage, the charge on a capacitor is 
= CVE 


From these two relationships, the capacitor voltage can be expressed as 


Ic 
Vo=(— It 
’ (<) 


This expression has the form of an equation for a straight line that begins at zero with a 
constant slope of J-/C. Remember from algebra that the general formula for a straight line 
is y = mx + b. In this case, y = Vo, m = IC/C, x = t, and b = 0. 

Recall that the capacitor voltage in a simple RC circuit is not linear but is exponential. 
This is because the charging current continuously decreases as the capacitor charges and 
causes the rate of change of the voltage to continuously decrease. The key thing about 
using an op-amp with an RC circuit to form an integrator is that the capacitor’s charging 
current is made constant, thus producing a straight-line (linear) voltage rather than an ex- 
ponential voltage. Now let’s see why this is true. 

In Figure 13-32, the inverting input of the op-amp is at virtual ground (0 V), so the volt- 
age across R; equals V;,,. Therefore, the input current is 


Vi 
R; 


Tin - 


> FIGURE 13-32 


Currents in an integrator. 


out 


If V;, 1s a constant voltage, then /;,, is also a constant because the inverting input always re- 
mains at 0 V, keeping a constant voltage across R;. Because of the very high input imped- 
ance of the op-amp, there is negligible current at the inverting input. This makes all of the 
input current go through the capacitor, as indicated in Figure 13-32, so 


Ic -_ Tin 
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The Capacitor Voltage Since J;,, is constant, so is Jc. The constant Jc charges the capaci- 
tor linearly and produces a linear voltage across C. The positive side of the capacitor is 
held at 0 V by the virtual ground of the op-amp. The voltage on the negative side of the 
capacitor, which is the op-amp output voltage, decreases linearly from zero as the capacitor 
charges, as shown in Figure 13-33. This voltage, Vc, is called a negative ramp and is the 
consequence of a constant positive input. 


<4 FIGURE 13-33 


A linear ramp voltage is produced 
across the capacitor by the constant 
0 charging current. 


pee 
Constant Jc 


Ve 


The Output Voltage _‘V,,,,, is the same as the voltage on the negative side of the capacitor. 
When a constant positive input voltage in the form of a step or pulse (a pulse has a constant 
amplitude when high) is applied, the output ramp decreases negatively until the op-amp 
saturates at its maximum negative level. This is indicated in Figure 13-34. 


<@ FIGURE 13-34 


A constant input voltage produces a 
ramp on the output of the integrator. 


-V,, aX 


Rate of Change of the Output Voltage The rate at which the capacitor charges, and 
therefore the slope of the output ramp, is set by the ratio J-/C, as you have seen. Since 
Ic = V;,/R;, the rate of change or slope of the integrator’s output voltage is AV,,,;/At. 
AVout Vi Equation 13-7 


At RC 


Integrators are especially useful in triangular-wave oscillators as you will see in Chapter 16. 


EXAMPLE 13-10 (a) Determine the rate of change of the output voltage in response to the input square 
wave, as shown for the ideal integrator in Figure 13—35(a). The output voltage is 
initially zero. The pulse width is 100 ps. 


(b) Describe the output and draw the waveform. 


Solution (a) The rate of change of the output voltage during the time that the input is at +2.5 V 
(capacitor charging) is 
AVout a - Vi = 2.5) WV 
At RiC (10kQ)(0.01 wF) 


= —25kV/s = —25mV/ps 
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» FIGURE 13-35 


Mea 


Vi 
2.5 V = |__| | 
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-—t 
I 
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0= | | 
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Vou 
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(b) 


The rate of change of the output during the time that the input is negative (capaci- 
tor discharging) is the same as during charging except it is positive. 
A Vout Vi 


25 mV/ 
At RC a 


(b) When the input is at +2.5 V, the output is a negative-going ramp. When the input 
is at —2.5 V, the output is a positive-going ramp. 


AVour = (25 mV/ps)(200 ps) = 5V 


During the time the input is at +2.5 V, the output will go from 0 to —5 V. During 
the time the input is at —2.5 V, the output will go from —5 V to0 V. Therefore, 
the output is a triangular wave with peaks at 0 V and — 5 V, as shown in Figure 
13—35(b). 


Related Problem Modify the integrator in Figure 13-35 to make the output change from 0 to —5 V in 
100 ys with the same input. 


Open the Multisim file E13-10 in the Examples folder on the companion website. 
Using the function generator, apply the indicated pulse waveform to the input and 
verify that the output voltage is a5 V peak-to-peak triangular waveform. 


The Practical Integrator The ideal integrator uses a capacitor in the feedback path, 
which is open to de. This implies that the gain at dc is the open-loop gain of the op-amp. 
In a practical integrator, any dc error voltage due to offset error will cause the output to 
produce a ramp that moves toward either positive or negative saturation (depending on the 
offset), even when no signal is present. 

Practical integrators must have some means of overcoming the effects of offset and 
bias current. Various solutions are available, such as chopper stabilized amplifiers; how- 
ever, the simplest solution is to use a resistor in parallel with the capacitor in the feedback 
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path, as shown in Figure 13-36. The feedback resistor, Ry, should be large compared to the 
input resistor R;,, in order to have a negligible effect on the output waveform. In addition, 


a compensating resistor, R,., may be added to the noninverting input to balance the effects 
of bias current. 


<@ FIGURE 13-36 


ie 
Vout 


The Op-Amp Differentiator 


The Ideal Differentiator An ideal differentiator is shown in Figure 13-37. Notice how 
the placement of the capacitor and resistor differ from the integrator. The capacitor is now 
the input element, and the resistor is the feedback element. A differentiator produces an 
output that is proportional to the rate of change of the input voltage. 


R <@ FIGURE 13-37 


Cc WW An op-amp differentiator. 


Vin — 


out 


To see how the differentiator works, apply a positive-going ramp voltage to the input as 
indicated in Figure 13-38. In this case, Jc = Jj, and the voltage across the capacitor is 
equal to V;,, at all times (Vc = V;,) because of virtual ground on the inverting input. 

From the basic formula, Vc = (/¢/C)t, the capacitor current is 


V 
Ic = (“Je 


V Constant Ip 
in os 
R 
Las OA : 
| a 
| OV 
Cc V, 


out 


<q FIGURE 13-38 


° 
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Since the current at the inverting input is negligible, 7g = /c¢. Both currents are constant 
because the slope of the capacitor voltage (V(/f) is constant. The output voltage is also con- 
stant and equal to the voltage across Ry because one side of the feedback resistor is always 
0 V (virtual ground). 


; Uc 
Equation 13-8 Vout = — ia RC 


The output is negative when the input is a positive-going ramp and positive when the input 
is a negative-going ramp, as illustrated in Figure 13-39. During the positive slope of the 
input, the capacitor is charging from the input source and the constant current through the 
feedback resistor is in the direction shown. During the negative slope of the input, the cur- 
rent is in the opposite direction because the capacitor is discharging. 


» FIGURE 13-39 ti-ty 
> 


Output of a differentiator with a 
series of positive and negative ramps = 


(triangle wave) on the input. i, 
0 o— 


Notice in Equation 13-8 that the term V(/t is the slope of the input. If the slope 
increases, V,,,, increases. If the slope decreases, V,,,, decreases. The output voltage is 
proportional to the slope (rate of change) of the input. The constant of proportionality is 
the time constant, RfC. 


EXAMPLE 13-11 Determine the output voltage of the ideal op-amp differentiator in Figure 13—40 for the 


triangular-wave input shown. 


» FIGURE 13-40 


out 


Solution Starting at t = 0, the input voltage is a positive-going ramp ranging from —5 V to +5 V 
(a +10 V change) in 5 ws. Then it changes to a negative-going ramp ranging from 
+5 V to —5 V (a —10 V change) in 5 ps. 
The time constant is 


RC = (2.2kQ)(0.001 uF) = 2.2 us 
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Determine the slope or rate of change (V(/t) of the positive-going ramp and calculate 
the output voltage as follows: 


—_= = 2V/ 
t 5 ps aa 


V 
Vout = -(“)arc = —(2 V/us)2.2 ws = —4.4V 
Likewise, the slope of the negative-going ramp is —2 V/s, and the output voltage is 
Vout = —(—2 V/us)2.2 ps = +4.4V 
Figure 13—41 shows a graph of the output voltage waveform relative to the input. 


» FIGURE 13-41 


Vout 0 


-44V 


Related Problem What would the output voltage be if the feedback resistor in Figure 13—40 is changed 
to 3.3kQ? 


The Practical Differentiator The ideal differentiator uses a capacitor in series with the 
inverting input. Because a capacitor has very low impedance at high frequencies, the com- 
bination of Ry and C form a very high gain amplifier at high frequencies. This means that a 
differentiator circuit tends to be noisy because electrical noise mainly consists of high fre- 
quencies. The solution to this problem is simply to add a resistor, R;,, in series with the ca- 
pacitor to act as a low-pass filter and reduce the gain at high frequencies. The resistor should 
be small compared to the feedback resistor in order to have a negligible effect on the desired 
signal. Figure 13—42 shows a practical differentiator. A bias compensating resistor may also 
be used on the noninverting input. 


Ry <q FIGURE 13-42 


edback element in an ideal op-amp integrator? 

nput voltage to an integrator, why is the voltage across the capacitor linear? 
edback element in an op-amp differentiator? 

>» output of a differentiator related to the input? 


694 ¢ Basic Op-Amp Circuits 


13—4 TROUBLESHOOTING 


Although integrated circuit op-amps are extremely reliable and trouble-free, failures do 
occur from time to time. One type of internal failure mode is a condition where the 
op-amp output is in a saturated state, resulting in a constant high or constant low level, 
regardless of the input. Also, external component failures will produce various types of 
failure modes in op-amp circuits. Some examples are presented in this section. 


After completing this section, you should be able to 


a Troubleshoot op-amp circuits 
a Describe and explain symptoms of several component failures in a bounded comparator 
4 Describe symptons of component failures in a summing amplifier 


Figure 13—43 illustrates an internal failure of a comparator circuit that results in a 
“stuck” output. 


V. 
in V. ——— 
Wn AP 
0 — 0 ——— 


—Vinax 


(a) Output failed in the HIGH state (b) Output failed in the LOW state 
A FIGURE 13-43 


Internal comparator failures typically result in the output being “stuck” in the HIGH or LOW state. 


Symptoms of External Component Failures in Comparator Circuits 


A comparator with zener-bounding and hysteresis is shown in Figure 13—44. In addition to a 
failure of the op-amp itself, a zener diode or one of the resistors could be faulty. For example, 


> FIGURE 13-44 D, Dy 
A bounded comparator with ‘ \ P| 
hysteresis. i y 
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suppose one of the zener diodes opens. This effectively eliminates both zeners, and the circuit 
operates as an unbounded comparator, as indicated in Figure 13—45(a). With a shorted diode, 
the output is limited to the zener voltage (bounded) only in one direction, depending on which 
diode remains operational, as illustrated in Figure 13—45(b). In the other direction, the output 
is held at the forward diode voltage. 


Bj er <@ FIGURE 13-45 
: +Vinax =— Unbounded Examples of comparator circuit fail- 
ures and their effects. 
0 t 
—Vinax '<«— Unbounded 


(a) The effect of an open zener 


0 0.7 V t 
Vz Lf Bounded 


(b) The effect of a shorted zener 


-), 


max = R -Vz1 = —<—_ = 


+ V20 


(d) Open R, forces the circuit to operate as a zero-level detector 
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Recall that R; and R> set the UTP and LTP for the hysteresis comparator. Now, suppose 
that R> opens. Essentially all of the output voltage is fed back to the noninverting (+) input, 
and, since the input voltage will never exceed the output, the device will remain in one of its 
bounded states. This symptom can also indicate a faulty op-amp, as mentioned before. Now, 
assume that R; opens. This leaves the noninverting input near ground potential and causes 
the circuit to operate as a zero-level detector. These conditions are shown in parts (c) and (d) 
of Figure 13-45. 


EXAMPLE 13-12 


One channel of a dual-trace oscilloscope is connected to the comparator output and the 
other channel is connected to the input, as shown in Figure 13—46. From the observed 
waveforms, determine if the circuit is operating properly, and if not, what the most 
likely failure is. 


Input waveform 


Output waveform 


R Vertical: 2.0 V/div for both channels 
¥, 2 


a) 


ut(max) = £125 V¥ 


Solution 


Related Problem 


A FIGURE 13-46 


The output should be limited to +8.67 V. However, the positive maximum is +0.88 V 
and the negative maximum is —7.79 V. This indicates that D> is shorted. Refer to 
Example 13-3 for analysis of the bounded comparator. 


What would the output voltage look like if D, shorted rather than D5? 


Symptoms of Component Failures in Summing Amplifiers 


If one of the input resistors in a unity-gain summing amplifier opens, the output will be 
less than the normal value by the amount of the voltage applied to the open input. Stated 
another way, the output will be the sum of the remaining input voltages. 

If the summing amplifier has a nonunity gain, an open input resistor causes the output 
to be less than normal by an amount equal to the gain times the voltage at the open input. 


EXAMPLE 13-13 


(a) What is the normal output voltage in Figure 13-47? 
(b) What is the output voltage if R opens? 
(c) What happens if Rs opens? 


TROUBLESHOOTING @ 


++ Vina) 
02V +0.1V) = -1.8V 
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As another example, let’s look at an averaging amplifier. An open input resistor will 
result in an output voltage that is the average of all the inputs with the open input averaged 
in as a zero. 


tput voltage for the averaging amplifier in Figure 13-48? 


4 ae ae 
Atp 


it voltage? What does the output voltage represent? 
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Solution Since the input resistors are equal, R = 100kQ.. Ry = Re. 


R 
i 
(a) Vour = — Re Vin a? Wing ar 02° se Wine) 


2S ives vo 05V +2V + 3V) = Sa) = -1.6V 
~  100kO : : an 5 i 
20k 1 
= —-——__V+15V+05V+ = =s = -12 
(b) Vour rary ad SV +05V +3V) 5 (OV) Vv 


1.2 V is the average of five voltages with the 2 V input replaced by 0 V. Notice that 
the output is not the average of the four remaining input voltages. 


Related Problem If Rg is open, as was the case in this example, what would you have to do to make the 
output equal to the average of the remaining four input voltages? 


Multisim Troubleshooting Exercises 
These file circuits are in the Troubleshooting Exercises folder on the companion website. 


Open each file and determine if the circuit is working properly. If it is not working prop- 
erly, determine the fault. 


Multisim file TSE13-01 
Multisim file TSE13-02 
Multisim file TSE13-03 
Multisim file TSE13-04 
Multisim file TSE13-05 
Multisim file TSE13-06 
Multisim file TSE13-07 
Multisim file TSE13-08 
Multisim file TSE13-09 
Multisim file TSE13-10 


SM ST oe er oe eh 


= 
> 


ibe one type of internal op-amp failure. 


certain malfunction is attributable to more than one possible component failure, 
would you do to isolate the problem? 


Application Activity: Sine/Pulse Waveform Generator 


Your company manufactures a battery-operated audio signal generator that produces a 
sinusoidal output with a variable frequency and amplitude and operates from +12 V dc 
voltages. The frequency can be varied from 20 Hz to 20 kHz, and the peak amplitude can 
be varied from 50 mV to 10 V with front panel controls. 


TABLE 13-1 


A new version of the signal generator is being designed that adds a pulse waveform 
generator to the audio signal generator in a single unit. The pulse generator will pro- 
duce an output with a variable duty cycle that can be used to drive 5 V digital logic 
circuits. The sine wave generator will remain the same, but the frequency control and 
the output terminals will be common to both the sine wave generator and the pulse 
generator. The output function will be switch-selectable, and the pulse waveform will 
require an additional front panel control for adjusting the duty cycle. The minimum 
specifications are given in Table 13-1. The front panel for the sine/pulse generator is 
shown in Figure 13-49. 


Sine 0.1 V—20 V p-p 20 Hz-20 kHz —— 
Pulse 5 V amplitude 20 Hz-20 kHz 15%-85% 


fo) 


Output Frequency Duty Cycle Sine Amplitude 


FIGURE 13-49 


Front panel of the sine/pulse generator. 


The Circuit 


The schematic of the new design is shown in Figure 13-50. The pulse waveform is 
derived from the 10 V peak sine wave that is available internally in the existing signal 
generator. An LM111 comparator is used for producing the pulse waveform using the 
sine wave as the driving source. The variable reference voltage at the inverting input of 
the comparator provides the duty cycle control. The duty cycle adjustment range is from 
10% to 90%. 

The LM111 comparator has an open collector output that is pulled up to +5 V witha 
1 kQ resistor, and the emitter of the output transistor is connected to ground, as shown. 
As a result, the output pulses vary between 0 V and +5 V. 


1. Which components determine the comparator’s variable reference voltage? 
. Calculate the minimum reference voltage. 

. Calculate the maximum reference voltage. 

. What sets the amplitude of the output pulses? 

. Explain how the duty cycle control works. 


nb Wh 
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$5 V 
+12 V -12V ° 
Rg 
1kO 
—_— 
Sine wave 
generator 
—_—> 
e O 


Sine/Pulse generator. 


The pin diagram from the LM111 datasheet is shown in Figure 13-51. Pins 5 and 6 are 
unused in this application. 


Pin diagram for the LM111 GND 
comparator. 


}6] BALANCE/STROBE 


BALANCE 


6. Referencing the pin diagram, assign pin numbers to the comparator in Figure 13-50. 


Simulation 


The sine/pulse generator is simulated using Multisim with an input signal of 7.07 V rms 
to represent the existing sine wave generator output. The results are shown in Figure 
13-52 where the duty cycle of the pulse waveform is set to 50%. 


7. From the scope display in Figure 13-52, verify the rms value of the sine wave. 
8. Measure the amplitude of the pulse waveform on the display. 
9. Verify the frequency of the waveforms on the display. 
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CHi 
Coupling 


Inwert 


hi S0us 


(b) Internal sine wave and the pulse output set at 50% duty cycle 


FIGURE 13-52 


Simulation of the sine/pulse generator at a frequency of 10 kHz. 


Figure 13-53 shows the simulation results for the pulse duty cycle measurement at test 
frequencies of 1 kHz and 10 kHz. 


10. In Figure 13-53, determine if the minimum and maximum duty cycles meet or 
exceed specifications for the frequencies shown. 
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(c) Minimum duty cycle at 10 kHz (d) Maximum duty cycle at 10 kHz 


» FIGURE 13-53 


Simulation results. 


it | Simulate the sine/pulse generator using your Multisim software. Observe the output 
voltages with the oscilloscope as the duty cycle control is varied. 


Hint: Before running a simulation that includes a comparator, it may be necessary to 
reset the default value of the relative error tolerance to avoid interpolation error, which re- 
sults in slow transitions particularly at higher frequencies. To do this, select Simulate and 
click on Interactive Simulation Settings. Navigate to the Analysis Options tab and choose 
Customize. Change the Relative Tolerance Error to be le-005. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 
Lab Experiment 
4 | To build and test a similar circuit, go to Experiment 13—A in your lab manual (Laboratory 
Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Circuit Board 


The pulse generator board is shown in Figure 13-54. This board will be added to the existing 
audio generator and connected to the front panel controls to complete the sine/pulse generator. 


APPLICATION ACTIVITY 703 


Pulse generator board. 


11. Check the printed circuit board for correctness by comparing with the schematic 
in Figure 13-50. 


12. Label each input and output pin according to function. 
The Sine/Pulse Generator System Diagram 


The complete generator unit consists of the sine wave generator, the pulse generator, the 
front panel controls, and the battery power supply, as shown in Figure 13-55. 


13. Verify the connection from the pulse generator board to the various system 
components. 


System diagram. 


Power 
switch 
Sine wave liv 
generator with 412V Battery 
variable 45V pack +—_@ 
amplitude and Fixed amplitude 
frequency = 
Variable - = 
amplitude oes 
switc i 
Amplitude 
Duty cycle control a 
Amplitude Frequency potentiometer L_,lPrecuencd 
control control core 
circuits 


704 ¢ = Basic Op-Amp Circuits 


Assignment 
Create a square-wave generator using a sine wave oscillator and a comparator. 
Procedure: Open your Designer? software and configure and test the FPAA using the default 
settings as shown in Figure 13-56. 


Analysis: Determine the amplitude and frequency of the output in Figure 13-56. 


Bd untitied - AnadigmDesigner2 
Fis Edt Simulate Configure Settings Dynamic Config. Targat Yew Tools Help 


Oe Sw» Ven SP 


EX untitled - AnadigmDesigner2 
Ee Edt Samulste Co tings Dynemc Config. Target Yew Tool Help 


1e S & » Ny fi Som S| BW 


< 


(a) Select and place the sine wave 
oscillator and comparator CAMs. 


Oscilloscope - Untitled 


Display Data Volts Per Division 


Time Per Division; = 10.us 


Start; 0.000 us 


(c) Click on Sim to run the simulation. 


A FIGURE 13-56 


Design Modifications 
Design changes can be made prior to downloading the design or after the design has 
been downloaded to the chip. 
1. Change the frequency and amplitude of the square wave to 50 kHz. 
Procedure: Click on the sine wave oscillator icon to open the Set CAM Parameters win- 
dow. Enter new frequency and run the simulation, as shown in Figure 13-57. 


PROGRAMMABLE ANALOG TECHNOLOGY *@ 705 


Set CAM Parameters 


Instance Nema OscilstorSine! Anscigniortex\OscilatorSine 1 2.2 (Sinevseve Oscilator) 


Ohcks 


Cock | Clock0 (4000 kHz} ¥ =< 
Any) Documentation | 


Parameters 


Ed Oscilloscope - Untitled 
Osc. Frequency [ke]: 


Peak Amplitude [V]} 


Display Data Volts Par Division Position Voltages 


= 
li” ft 7 
a a 
i a 

— 


Tine Per Division; | 10 us Tine: 


CAM Source: Anadigm, Approved Yes 


A FIGURE 13-57 


Analysis: Verify the frequency of the square wave on the scope display in Figure 13-57. 
2. Decrease the duty cycle of the square wave. 

Procedure: Click on the comparator icon to open the Set CAM Parameters window. 

Choose variable reference, and set it to +3 V, as shown in Figure 13-58. Run the simula- 

tion. (The reference can be set to any voltage within the specified range to achieve a 


desired duty cycle.) 


Set CAM Parameters 


Instance Name: Comparator! AnadigmVortex\Comparator 2.1.10 (Comparator) 


Clocks 
ig ion of reference voRiege will result in the use of 


3 that could be saved 
ction can be pesformed with less chip 
tesources by connecting a DC Vokage Source CAM to the 
second input of a “Dual Input” comparator. The "Dual 
input” comparator can be achieved by changing the first 
option [Compare To] to "Dual Inpet” 


Clock (CiockO (4000 kHz} v 


Options 


Compare To: 


© Signal Ground © Dual Input @ Valable Reference 
Input Sampling: = © Phase 1 ~ Phase 2 Ed Oscilloscope - Untitled 
Output Polarity: @ Non-nverted © Inverted 


Output Synch: © Phase 1 


Osplay Oats = YoRsPer Division Position VoKsqe 


@ None 
Parameters 


Reference Voltage 


CAM Source: Anadkgm, Approved: Yes 


Ca 


100.000 us 


A FIGURE 13-58 
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Analysis: Measure the duty cycle of the pulse waveform on the scope display in 
Figure 13-58. 

3. Increase the duty cycle of the square wave. 
Procedure: Click on the comparator icon to open the Set CAM Parameters window. 
Choose variable reference, and set it to —3 V. Run the simulation. The result is shown in 
Figure 13-59. 


2] Oscilloscope - Untitled 


Display Data Yolts Per Division — Position 
7] a: mm: 

= 

| a i 


Time Per Division: | 10us  * Time: 


rz 
| 
= ao oe 
=a 


> End: 100.000 us (cursor_]| 


A FIGURE 13-59 


Analysis: Measure the duty cycle of the pulse waveform in Figure 13-59. 


Programming Exercises 
1. Open your Designer2 software. 
Implement the pulse waveform generator described. 
Change the frequency to 100 kHz. 
Decrease the duty cycle to less than that shown in Figure 13-58. 
Increase the duty cycle to greater than that shown in Figure 13-59. 


SA ge LO 


PAM Experiment 

Fe = ‘To program, download, and test a circuit using AnadigmDesigner2 software and the programmable 
analog module (PAM) board, go to Experiment 13—B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steven Wetterling. 


SUMMARY OF COMPARATORS AND Op-Amp CIRCUITS 


SUMMARY OF COMPARATORS AND OP-AMP CIRCUITS 


Zero-level detector 


Reference 
voltage 
O v- ® se ’ +Voumax) = Vz1 + 0.7 V 
Input "Outpt ng keg eee —Vourimax) = —Vz2 + 0.7 V) 
7 Vip = 2 (-V ) Bounded comparator 
Nonzero-level detector ae Rae ee 
Comparator with hysteresis 
y-gain amplifier. 
Vin1 © Rp = Ri = Rp = R3= --- = R, 
Your = —(Vini + Ving + Ving + -** + Vina) 
Vinx 0 =S 1 Gr r than unity-gain amplifier: 
—_— Rp>R 
V ag 
IN3 R=R, =R) =R3=::: =R, 
: Ry 
Vian OWA = ~ Mini + Ving + Ving + -*> + Vinn) 
Summing amplifier a 
zing amplifier: 
ai 
ees 2 — R3 = = Ry 


R 


Ry 
ee i ana Vina + + Vinn) 
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=NTIATOR 


AVout ——_ Vi 


At R,C 


Integrator 


Section 13-1 ® In an op-amp comparator, when the input voltage exceeds a specified reference voltage, the out- 
put changes state. 


¢ ¢ 


= Slope of output voltage: 


= Output voltage: 


out Vx 
Vout =~ “h Ry Cc 


Differentiator 


Hysteresis gives an op-amp noise immunity. 


A comparator switches to one state when the input reaches the upper trigger point (UTP) and 


back to the other state when the input drops below the lower trigger point (LTP). 


Section 13-2 


¢-¢ ¢ ¢ 


The difference between the UTP and the LTP is the hysteresis voltage. 
Bounding limits the output amplitude of a comparator. 
The output voltage of a summing amplifier is proportional to the sum of the input voltages. 


An averaging amplifier is a summing amplifier with a closed-loop gain equal to the reciprocal of 


the number of inputs. 


¢ 


In a scaling adder, a different weight can be assigned to each input, thus making the input 


contribute more or contribute less to the output. 


Section 13-3 


Integration is a mathematical process for determining the area under a curve. 
Integration of a step input produces a ramp output with a slope proportional to the amplitude. 
Differentiation is a mathematical process for determining the rate of change of a function. 


Differentiation of a ramp input produces a step output with an amplitude proportional to the slope. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Bounding The process of limiting the output range of an amplifier or other circuit. 


Comparator A circuit that compares two input voltages and produces an output in either of two 


states indicating the greater than or less than relationship of the inputs. 


Differentiator A circuit that produces an output which approximates the instantaneous rate of 


change of the input function. 


Hysteresis Characteristic of a circuit in which two different trigger levels create an offset or lag in 
the switching action. 


Integrator A circuit that produces an output which approximates the area under the curve of the 


input function. 


Schmitt trigger A comparator with built-in hysteresis. 


Summing amplifier An op-amp configuration with two or more inputs that produces an output 


voltage that is proportional to the negative of the algebraic sum of its input voltages. 


_ KEY FORMULAS 


_TRUE/FALSE QUIZ 


_CIRCUIT-ACTION QUIZ 
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Comparator 
Ro ; ; 
13-1 Vure = R+k (+ Voutimax)) Upper trigger point 
Ro 
13-2 Vure = R, +R (— Voutanax)) Lower trigger point 
13-3 Vuys = Vurp — Virp Hysteresis voltage 


Summing Amplifier 


13-4 Vour = —(Vini a Vin2 tieee + Vinn) n-input adder 
Ry 
13-5 Vour = —R Vin + Ving + +++: + Vina) Adder with gain 
Ky Ky ae 
13-6 Vout = -({¥e + —Vyyr2 + ees + Vin) Scaling adder with gain 
Ri R2 Rn 


Integrator and Differentiator 


13-7 AVout =- Vin Integrator output rate of 
At RiC 9 y 
change 
Za ‘ ; 
13-8 Vout = — re RC Differentiator output 


voltage with ramp input 


Answers can be found at www.pearsonhighered.com/floyd. 


eC rntan FWY 


—_ ek 
rn = ©& 


. The output of a comparator has two states. 
. The reference voltage on a comparator input establishes the gain. 
. Hysteresis incorporates positive feedback. 


. A comparator with hyteresis has two trigger points. 


A summing amplifier can have more than two inputs. 


. The gain of a summing amplifier must always be unity (1). 

. DAC stands for digital-to-analog comparator. 

. An R/2R ladder circuit is one form of DAC. 

. An integrator produces a ramp when a step input is applied. 

. Ina practical integrator, a resistor is connected across the capacitor. 

. When a triangular waveform is applied to a differential, a sine wave appears on the output. 


. Ina practical differentiator, a resistor is connected in series with the capacitor. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


2. 


If Ry opens in the comparator of Figure 13-3, the output voltage amplitude will 


(a) increase (b) decrease (c) not change 


In the trigger circuit of Figure 13-9, if R; is decreased to 50 kQ, the upper trigger-point 
voltage will 


(a) increase (b) decrease (c) not change 
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3. If the zener diodes in Figure 13-13 are changed to ones with a rating of 5.6 V, the output volt- 
age amplitude will 


(a) increase (b) decrease (c) not change 
4. If the top resistor in Figure 13-22 opens, the output voltage will 
(a) increase (b) decrease (c) not change 


5. If Vino is changed to —1 V in Figure 13-22, the output voltage will 


(a) increase (b) decrease (c) not change 

6. If Vixy is increased to 0.4 V and Vjyyp is reduced to 0.3 V in Figure 13—23, the output voltage 
will 
(a) increase (b) decrease (c) not change 


7. If Ving is changed to —7 V in Figure 13-24, the output voltage will 
(a) increase (b) decrease (c) not change 

8. If Ryin Figure 13-25 opens, the output voltage will 
(a) increase (b) decrease (c) not change 

9. If the value of C in Figure 13-35 is reduced, the frequency of the output waveform will 
(a) increase (b) decrease (c) not change 


10. If the frequency of the input waveform in Figure 13—40 is increased, the amplitude of the 
output voltage will 


(a) increase (b) decrease (c) not change 


| SELF-TEST Answers can be found at www.pearsonhighered.com/floyd. 


Section 13-1 1. Ina zero-level detector, the output changes state when the input 
(a) is positive (b) is negative (c) crosses zero (d) has a zero rate of change 
2. The zero-level detector is one application of a 
(a) comparator (b) differentiator (c) summing amplifier (d) diode 
3. Noise on the input of a comparator can cause the output to 
(a) hang up in one state 
(b) go to zero 
(c) change back and forth erratically between two states 
(d) produce the amplified noise signal 
4. The effects of noise can be reduced by 
(a) lowering the supply voltage (b) using positive feedback 
(c) using negative feedback (d) using hysteresis 
(e) answers (b) and (d) 
5. A comparator with hysteresis 
(a) has one trigger point (b) has two trigger points 
(c) has a variable trigger point (d) is like a magnetic circuit 
6. In a comparator with hysteresis, 
(a) a bias voltage is applied between the two inputs 
(b) only one supply voltage is used 
(c) a portion of the output is fed back to the inverting input 
(d) a portion of the output is fed back to the noninverting input 
7. Using output bounding in a comparator 
(a) makes it faster (b) keeps the output positive 
(c) limits the output levels (d) stabilizes the output 
Section 13-2 8. A summing amplifier can have 


(a) only one input (b) only two inputs (c) any number of inputs 


PROBLEMS 


Section 13-3 


Section 13-1 
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9. If the voltage gain for each input of a summing amplifier with a 4.7 kO feedback resistor is 
unity, the input resistors must have a value of 


(a) 4.7kO, 
(b) 4.7kQ, divided by the number of inputs 
(c) 4.7kQ times the number of inputs 
10. An averaging amplifier has five inputs. The ratio Rp/R; must be 
(y~5 (b) 02 © 
11. Ina scaling adder, the input resistors are 
(a) all the same value (b) all of different values 
(c) each proportional to the weight of its input (d) related by a factor of two 
12. In an ideal integrator, the feedback element is a 
(a) resistor (b) capacitor (c) zener diode (d) voltage divider 
13. For a step input, the output of an integrator is 
(a) a pulse (b) a triangular waveform (c) aspike (d) aramp 
14. The rate of change of an integrator’s output voltage in response to a step input is set by 
(a) the RC time constant (b) the amplitude of the step input 
(c) the current through the capacitor (d) all of these 
15. Ina differentiator, the feedback element is a 
(a) resistor (b) capacitor (c) zener diode (d) voltage divider 
16. The output of a differentiator is proportional to 
(a) the RC time constant (b) the rate at which the input is changing 
(c) the amplitude of the input (d) answers (a) and (b) 
17. When you apply a triangular waveform to the input of a differentiator, the output is 
(a) adc level (b) an inverted triangular waveform 


(c) a square waveform (d) the first harmonic of the triangular waveform 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Comparators 


1. A certain op-amp has an open-loop gain of 80,000. The maximum saturated output levels of 
this particular device are +12 V when the de supply voltages are +15 V. If a differential 
voltage of 0.15 mV rms is applied between the inputs, what is the peak-to-peak value of the 
output? 


2. Determine the output level (maximum positive or maximum negative) for each comparator in 
Figure 13-60. 


+1V FEN 


(a) (b) (c) 
A FIGURE 13-60 
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» FIGURE 13-61 R; 
ie 


Voouut(max) =+10V 


Multisim file circuits are identified 
with a logo and are in the Problems 
folder on the companion website. 
Filenames correspond to figure num- 47 kO. 
bers (e.g., F13—61). 


3. Calculate the Vyrp and Vprp in Figure 13-61. Vousmax) = £10 V. 
4. What is the hysteresis voltage in Figure 13-61? 


5. Draw the output voltage waveform for each circuit in Figure 13-62 with respect to the input. 
Show voltage levels. 


>» FIGURE 13-62 +1V 
+1V 
a 
-l V out Vout 
+2.V 
0 
Vout(max) =18V ov Venoaat Szl0y 


(a) (b) 


6. Determine the hysteresis voltage for each comparator in Figure 13-63. The maximum output 
levels are +11 V. 


» FIGURE 13-63 


Vin Vin 


(a) (b) 


7. A 6.2 V zener diode is connected from the output to the inverting input in Figure 13-61 with 
the cathode at the output. What are the positive and negative output levels? 


8. Determine the output voltage waveform in Figure 13-64. 


» FIGURE 13-64 
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Section 13-2 Summing Amplifiers 


9. Determine the output voltage for each circuit in Figure 13-65. 


10kO 10kO 22kO 
10kO 0.1V 
+1°V 10kO 
10kO 1V 
whee Vout 10 kQ Vout 
OSV 


(a) (b) 


A FIGURE 13-65 


10. Refer to Figure 13-66. Determine the following: 
(a) Vp, and Vay (b) Current through Ry (ce) Vout 


> FIGURE 13-66 


11. Find the value of Ry necessary to produce an output that is five times the sum of the inputs in 
Figure 13-66. 


12. Show a summing amplifier that will average eight input voltages. Use input resistances of 
10 kQ, each. 


13. Find the output voltage when the input voltages shown in Figure 13-67 are applied to the scal- 
ing adder. What is the current through Ry? 


14. Determine the values of the input resistors required in a six-input scaling adder so that the low- 
est weighted input is 1 and each successive input has a weight twice the previous one. Use 
Rye = 100 kQ. 


> FIGURE 13-67 


R 
Vint = +2 VO—-MA— 


10kO Ry 


Ry 
Vino = +3 VO—-MMA—# EO 


33 kO 

R; 
Vin3 = +3 VOW 9 Vout 
91kO 

Ry 


Ving = +6 V mle 
180kO. = 
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Section 13-3 _ Integrators and Differentiators 


15. Determine the rate of change of the output voltage in response to the step input to the integrator 
in Figure 13-68. 


» FIGURE 13-68 c 


16. A triangular waveform is applied to the input of the circuit in Figure 13-69 as shown. 
Determine what the output should be and sketch its waveform in relation to the input. 


» FIGURE 13-69 R 
5VE---- 
Cc 
Ve 0 10 us O | 
0.001 uF © Vout 


17. What is the magnitude of the capacitor current in Problem 16? 


18. A triangular waveform with a peak-to-peak voltage of 2 V and a period of 1 ms is applied to 
the differentiator in Figure 13—70(a). What is the output voltage? 


19. Beginning in position | in Figure 13—70(b), the switch is thrown into position 2 and held there 
for 10 ms, then back to position 1 for 10 ms, and so forth. Sketch the resulting output wave- 
form if its initial value is 0 V. The saturated output levels of the op-amp are +12 V. 


0.047 uF O 


(a) 


A FIGURE 13-70 
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Section 13-4 Troubleshooting 


20. The waveforms given in Figure 13—71(a) are observed at the indicated points in Figure 
13-71(b). Is the circuit operating properly? If not, what is a likely fault? 


(a) (b) 


A FIGURE 13-71 


21. The sequences of voltage levels shown in Figure 13—72 are applied to the summing amplifier 
and the indicated output is observed. First, determine if this output is correct. If it is not correct, 
determine the fault. 


+3V 
Viny +1 V 


Vout 


All resistors are 10 kQ.. 


A FIGURE 13-72 
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Vin 3 


-6V 


0.5 ms 1 ms 


0.5 ms 1 


canee mada =: 
Dn 


A FIGURE 13-73 


2.5kO, 


22. The given ramp voltages are applied to the op-amp circuit in Figure 13—73. Is the given output 
correct? If it isn’t, what is the problem? 

23. The DAC with inputs as shown in Figure 13-27 produces the output shown in Figure 13-74. 
Determine the fault in the circuit. 


0 
0.25 
—0.50 
0.75 
—1.00 
-1.25 
-1.50 
-1.75 
—2.00 
2.25 
—2.50 
2.75 
—3.00 
3.25 
-3.50 
-3.75 


Vour 


vy 


0000 
0001 


A FIGURE 13-74 


0010 


0011 


0100 
0101 
0110 
O11 


1000 
1001 


1010 


1011 


1100 
1101 
1110 
1111 


0000 


> Binary 
number 
input 


APPLICATION ACTIVITY PROBLEMS 


24. The PC board, shown in Figure 13-75, for the application activity has just come off the assem- 
bly line and a pass/fail test indicates that it doesn’t work. The board now comes to you for trou- 
bleshooting. What is the very first thing you should do? Can you isolate the problem(s) by this 


first step in this case? 


> FIGURE 13-75 


25. 
26. 
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Describe the effect of an open decoupling capacitor on the PC board in Figure 13-75. 


Assume that a 1.0 k© resistor is inadvertently used for R, in Figure 13-50. What effect does 
this have on the circuit operation? 


ADVANCED PROBLEMS 


27. 


28. 
29. 


Calculate the percent duty cycle in Figure 13-50 for minimum and maximum settings of R2. A 
10 V peak sine wave is applied to the noninverting input of the comparator with no hysteresis. 
Redesign the circuit in Figure 13-50 for a 5 V peak sine wave. 

Design an integrator that will produce an output voltage with a slope of 100 mV/s when the 
input voltage is a constant 5 V. Specify the input frequency of a square wave with an amplitude 
of 5 V that will result in a 5 V peak-to-peak triangular wave output. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the companion website. 


30. 
SI 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 


Open file TSP13-30 and determine the fault. 
Open file TSP13-31 and determine the fault. 
Open file TSP13-32 and determine the fault. 
Open file TSP13-33 and determine the fault. 
Open file TSP13-34 and determine the fault. 
Open file TSP13-35 and determine the fault. 
Open file TSP13-36 and determine the fault. 
Open file TSP13-37 and determine the fault. 
Open file TSP13-38 and determine the fault. 
Open file TSP13-39 and determine the fault. 


14-1 Instrumentation Amplifiers 

14-2 Isolation Amplifiers 

14-3 Operational Transconductance Amplifiers (OTAs) 
14-4 Log and Antilog Amplifiers 

14-5 Converters and Other Op-Amp Circuits 
Application Activity 

Programmable Analog Technology 


Explain and analyze the operation of an instrumentation 
amplifier 

Explain and analyze the operation of an isolation 
amplifier 

Explain and analyze the operation of an operation 
transconductance amplifier (OTA) 

Explain and analyze the operation of log and antilog 
amplifiers 


Explain and analyze other types of op-amp circuits 


Instrumentation amplifier 

Isolation amplifier 

Operational transconductance amplifier (OTA) 
Transconductance 

Natural Logarithm 
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The Application Activity in this chapter describes a liquid- 
level control system for an industrial storage tank. A pres- 
sure sensor, which is a type of transducer, is used to detect a 
change in pressure in a tube inserted in the liquid. The volt- 
age from the pressure sensor is sent to the control circuit 
that consists of an instrumentation amplifier and a compara- 
tor. When the liquid in the tank reaches a predetermined 
minimum level, the circuit causes a pump to turn on and re- 
fill the tank to a predetermined maximum level. Also, a 
method for minimizing the effects of noise in an industrial 
environment is introduced in this chapter and used in the 
application. 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


A general-purpose op-amp, such as the 741, is a versatile and 
widely used device. However, some specialized IC amplifiers 
are available that have certain features or characteristics 
oriented to special applications. Most of these devices are 
actually derived from the basic op-amp. These special circuits 
include the instrumentation amplifier that is used in high- 
noise environments, the isolation amplifier that is used in 
high-voltage and medical applications, the operational 
transconductance amplifier (OTA) that is used as a voltage- 
to-current amplifier, and the logarithmic amplifiers that are 
used for linearizing certain types of inputs and for mathe- 
matical operations. Log amplifiers are also used in communi- 
cation systems, including fiber optics. 


™ 
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— 

_ 
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vy 
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14—1 INSTRUMENTATION AMPLIFIERS 


Instrumentation amplifiers are commonly used in environments with high common- 
mode noise such as in data acquisition systems where remote sensing of input 
variables is required. 


After completing this section, you should be able to 


Explain and analyze the operation of an instrumentation amplifier 

Show how op-amps are connected to form an instrumentation amplifier 

¢ Set the voltage gain ¢ Explain how a capacitor charges ¢ Discuss an 
application 

Describe the features of a specific instrumentation amplifier 

¢ Discuss the AD622 ¢ Calculate the value for the gain-setting resistor 

¢ Describe how the gain varies with frequency 

Discuss noise effects in an instrumentation amplifier 

¢ Define guarding + Describe the AD522 instrumentation amplifier with a 
guard output 


An instrumentation amplifier is a differential voltage-gain device that amplifies the 
difference between the voltages existing at its two input terminals. The main purpose of an 
instrumentation amplifier is to amplify small signals that may be riding on large common- 
mode voltages. The key characteristics are high input impedance, high common-mode re- 
jection, low output offset, and low output impedance. The basic instrumentation amplifier 
is an integrated circuit that internally has three operational amplifiers and several resistors. 
The voltage gain is usually set with an external resistor. 

A basic instrumentation amplifier is shown in Figure 14—1. Op-amps Al and A2 are 
noninverting configurations that provide high input impedance and voltage gain. Op-amp 
A3 is used as a unity-gain differential amplifier with high-precision resistors that are all 
equal in value (R3 = Ry = Rs = Ro). 


Input 1 o R; Rs 
Gain set O 


R, 
Ry 


Gain set O 


Input 2 0 


The gain-setting resistor, Rg, is connected externally as shown in Figure 14—2. Op-amp 
Al receives the differential input signal V;,,; on its noninverting (+) input and amplifies 
this signal with a voltage gain of 


R 
Af 
Rg 


<¢ FIGURE 14-1 


The basic instrumentation amplifier 
using three op-amps. 
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> FIGURE 14-2 


The basic instrumentation amplifier 
with an external gain-setting resistor 
Rg. Differential and common-mode 
signals are indicated. 


Equation 14-1 


Equation 14-2 


Vin Nal Vins 


O Vow =A Ving a View 


Op-amp A1 also has V;,. as an input signal to its inverting (—) input through op-amp A2 
and the path formed by R» and Rg. The input signal V;,. is amplified by op-amp Al with a 
voltage gain of 


The overall closed-loop gain of the instrumentation amplifier is 
2R 
G 


Ayg = 1+ 


where R; = R2 = R. Equation 14—1 shows that the gain of the instrumentation amplifier can 

be set by the value of the external resistor Rg when R, and R> have a known fixed value. See 

“Derivations of Selected Equations” at www.pearsonhighered.com/floyd for the derivation. 
The external gain-setting resistor Rg can be calculated for a desired voltage gain by 


applying Equation 14-1. 
Ro = 2R 
GC Ag - 1 


Instrumentation amplifiers in which the gain is set to specific values using a binary input 
instead of a resistor are also available. 


EXAMPLE 14-1 


Solution 


Related Problem” 


Determine the value of the external gain-setting resistor Rg for a certain IC instrumen- 
tation amplifier with R; = Ry = 25k. The closed-loop voltage gain is to be 500. 


2R 50kQ 
a 500 — 1 


Rg = = 1000 


What value of external gain-setting resistor is required for an instrumentation amplifier 
with R; = Ry = 39k to produce a gain of 325? 


“Answers can be found at www.pearsonhighered.com/floyd. 


Applications 


The instrumentation amplifier is normally used to measure small differential signal voltages 
that are superimposed on a common-mode voltage often much larger than the signal voltage. 
Applications include situations where a quantity is sensed by a remote device, such as a 
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temperature- or pressure-sensitive transducer, and the resulting small electrical signal is sent 
over a long line subject to electrical noise that produces common-mode voltages in the line. 
The instrumentation amplifier at the end of the line must amplify the small signal from the 
remote sensor and reject the large common-mode voltage. Figure 14-3 illustrates this. 


Small differential high-frequency signal Instrumentation amplifier Amplified differential signal. 
riding on a larger low-frequency No common-mode signal. 
common-mode signal 


A Specific Instrumentation Amplifier 


Now that you have the basic idea of how an instrumentation amplifier works, let’s look at 
a specific device. A representative device, the AD622, is shown in Figure 14—4 where IC 
pin numbers are given for reference. This instrumentation amplifier is based on the design 
using three op-amps that was shown in Figure 14-1. 


<q FIGURE 14-4 


The AD622 instrumentation 
amplifier. 


O Output 


O REF 


Some of the features of the AD622 are as follows. The voltage gain can be adjusted 
from 2 to 1000 with an external resistor Rg. There is unity gain with no external resistor. 
The input impedance is 10 GQ. The common-mode rejection ratio (CMRR) has a mini- 
mum value of 66 dB. Recall that a higher CMRR means better rejection of common- 
mode voltages. The AD622 has a bandwidth of 800 kHz at a gain of 10 and a slew rate 
of 1.2 V/us. 


Setting the Voltage Gain For the AD622, an external resistor must be used to achieve a 
voltage gain greater than unity, as indicated in Figure 14—5. Resistor Rg is connected be- 
tween the Rg terminals (pins | and 8). No resistor is required for unity. Rg is selected for 


the desired gain based on the following formula: 
_ 50.5kO 
a Ae 


Notice that this formula is the same as Equation 14-2 for the three-op-amp configuration 
with an external Rg where the internal resistors R; and R> are each 25.25 kQ.. 


<@ FIGURE 14-3 


Illustration of the rejection of large 
common-mode voltages and the 
amplification of smaller signal 
voltages by an instrumentation 
amplifier. 
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» FIGURE 14-5 


The AD622 with a gain-setting 
resistor. 


O Output 


oO REF 
(Output signal 
common) 


Gain versus Frequency The graph in Figure 14-6 shows how the gain varies with fre- 
quency for gains of 1, 10, 100, and 1000. As the curves show, the bandwidth decreases as 
the gain increases. 


» FIGURE 14-6 1000 
Gain versus frequency for the AD622 
instrumentation amplifier. 
100 
g 
‘a 
7) 
o 
2 10 
s 
1 
0 
100 1k 10k 100k 1M 10M 


Frequency (Hz) 


n and determine the bandwidth using the graph in Figure 
mn amplifier in Figure 14-7. 
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Solution Determine the voltage gain as follows: 


50.5kO, 
Rg = ———_ 
A,-1 
eo 5 kO 
Vv Rg 
50.5 kO 
= + 1= 100 
» 5100 


Determine the approximate bandwidth from the graph at the point where the curve 
begins to drop in Figure 14—6. 
BW = 80kHz 


Related Problem Modify the circuit in Figure 14-7 for a gain of approximately 45. 


Noise Effects in Instrumentation Amplifier Applications 


Various types of transducers are used to sense temperature, strain, pressure, and other pa- 
rameters in many types of applications. Instrumentation amplifiers are generally used to 
process the small voltages produced by a transducer and often are used in noisy industrial 
environments where long cables connect the transducer output to the amplifier inputs. 
Noise in the form of common-mode signals picked up from external sources can be mini- 
mized, but not totally eliminated, by using coaxial cable in which the differential signal 
wires are surrounded by a metal mesh sheathing called a shield. As you know, in an elec- 
trically noisy environment any common-mode signals that are induced on the signal lines 
are rejected because both inputs to the amplifier have the same common-mode signal. 
However, when a shielded cable is used, there are stray capacitances distributed along its 
length between each signal line and the shield. The differences in these stray capacitances, 
particularly at higher frequencies, result in a phase shift between the two common-mode 
signals, as illustrated in Figure 14—8. The result is a degradation in the common-mode re- 
jection of the amplifier because the two signals are no longer in phase and do not com- 
pletely cancel so that a differential voltage is created at the amplifier inputs. 


Common-mode <@ FIGURE 14-8 
signals are out of 
phase 


Degradation of common-mode rejec- 
tion in a shielded cable connection 
due to unwanted phase shifts. 


Differential signal 
lines Shield 


Instrumentation 
amplifier 


Stray distributed Va 


capacitance from signal |________ Phase shift due to 
lines to shield (ground) differences in stray 
represented as lumped =" capacitances 
capacitors 


Shield Guard Guarding is a technique to reduce the effects of noise on the common- 
mode operation of an instrumentation amplifier operating in critical environments by con- 
necting the common-mode voltage to the shield of a coaxial cable. The common-mode sig- 
nal is fed back to the shield by a voltage-follower stage, as shown in Figure 14-9. The 
purpose is to eliminate voltage differences between the signal lines and the shield, virtually 
eliminating leakage currents and cancelling the effects of the distributed capacitances so 
that the common-mode voltages are the same in both lines. 
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> FIGURE 14-9 


Instrumentation amplifier with 
shield guard to prevent degradation 
of the common-mode rejection. 


» FIGURE 14-10 


The AD522 instrumentation ampli- 
fier in a typical configuration. 


Common-mode 
signals are in 


Differential signal phase % 


Shield 


Instrumentation 
amplifier 


Effect of stray yo | | 


distributed capacitance |. ~~ ~~ 
is effectively cancelled 


Voltage- ‘ 


follower 


The voltage-follower is a low-impedance source that drives the common-mode signal 
onto the shield to eliminate the voltage difference between the signal lines and the shield. 
When the voltage between each signal line and the shield is zero, the leakage currents are 
also zero and the capacitive reactances become infinitely large. An infinitely large X¢ implies 
a zero capacitance. 


A Specific Instrumentation Amplifier with a Guard Output Most instrumentation 
amplifiers can be configured externally to provide a shield guard driver. Certain IC ampli- 
fiers, however, provide an internally generated guard output that is intended for very criti- 
cal environments. An example is the AD522, shown in Figure 14—10, which is a precision 
IC instrumentation amplifier designed for applications requiring high accuracy under 
worst-case operating conditions and with very small signals. The pin labeled DATA 
GUARD is the shield-guard output. 


-V 4+V 
O O 


nain purpose of an instrumentation amplifier and what are three of its 
cs? 


ents do you need to construct a basic instrumentation amplifier? 
determined in an instrumentation amplifier? 

D622 configuration, Rg = 10k. What is the voltage gain? 
jurpose of a shield guard. 


14—2 ISOLATION AMPLIFIERS 


An isolation amplifier provides dc isolation between input and output. It is used for 
the protection of human life or sensitive equipment in those applications where haz- 
ardous power-line leakage or high-voltage transients are possible. The principal 
areas of application are in medical instrumentation, power plant instrumentation, 
industrial processing, and automated testing. 


After completing this section, you should be able to 


4 Explain and analyze the operation of an isolation amplifier 

4 Describe a basic capacitor-coupled isolation amplifier 
¢ Show the block diagram ¢ Define modulation ¢ Discuss the modulation 
process ¢ Describe the ISO124 as an example of an isolation amplifier 

4 Describe a transformer-coupled isolation amplifier 
¢ Discuss the 3656KG_ ¢ Establish the voltage gain ¢ Describe a medical 
application 


A Basic Capacitor-Coupled Isolation Amplifier 


An isolation amplifier is a device that consists of two electrically isolated stages. The 
input stage and the output stage are separated from each other by an isolation barrier so 
that a signal must be processed in order to be coupled across the isolation barrier. Some 
isolation amplifiers use optical coupling or transformer coupling to provide isolation be- 
tween the stages. However, many modern isolation amplifiers use capacitive coupling for 
isolation. Each stage has separate supply voltages and grounds so that there are no common 
electrical paths between them. A simplified block diagram for a typical isolation amplifier 
is shown in Figure 14-11. Notice two different ground symbols are used to reinforce the 
concept of stage separation. 


Input stage Output stage 


Modulator Demodulator 


Oscillator 


L Isolation barrier with il 


capacitive coupling = 


The input stage consists of an amplifier, an oscillator, and a modulator. Modulation is 
the process of allowing a signal containing information to modify a characteristic of another 
signal, such as amplitude, frequency, or pulse width, so that the information in the first 
signal is also contained in the second. In this case, the modulator uses a high-frequency 
square-wave oscillator to modify the original signal. A small-value capacitor in the isola- 
tion barrier is used to couple the lower-frequency modulated signal or de voltage from the 
input to the output. Without modulation, prohibitively high-value capacitors would be 
necessary with a resulting degradation in the isolation between the stages. 
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<@ FIGURE 14-11 


Simplified block diagram of a typical 
isolation amplifier. 
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The output stage consists of a demodulator that extracts the original input signal from 
the modulated signal so that the original signal from the input stage is back to its original 
form. 

The high-frequency oscillator output in Figure 14—11 can be either amplitude or pulse- 
width modulated by the signal from the input amplifier (oscillators are covered in Chapter 
16). In amplitude modulation, the amplitude of the oscillator output is varied corre- 
sponding to the variations of the input signal, as indicated in Figure 14—12(a), which uses 
one cycle of a sine wave for illustration. In pulse-width modulation, the duty cycle of the 
oscillator output is varied by changing the pulse width corresponding to the variations of 
the input signal. An isolation amplifier using pulse-width modulation is represented in 
Figure 14—12(b). 


Original 
input 


Input stage 
signal 


Capacitive 
isolation 


barrier 


ra 


Output stage 
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I 

I 
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I 
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I 
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Pulse-width 
modulation 


(a) (b) 
A FIGURE 14-12 


Modulation. 


Although it uses a relatively complex process internally, the isolation amplifier is still 
just an amplifier and is simple to use. When separate dc supply voltages and an input sig- 
nal are applied, an amplified output signal is the result. The isolation function itself is an 
unseen process. 


EXAMPLE 14-3 The ISO124 is an integrated circuit isolation amplifier. It has a voltage gain of | and 
operates on positive and negative dc supply voltages for both stages. This device uses 
pulse-width modulation (sometimes called duty cycle modulation) with a frequency of 
500 kHz. It is recommended that the supply voltages be decoupled with external 
capacitors to reduce noise. Show the appropriate connections. 


Solution The manufacturer recommends a | yF tantalum capacitor (for low leakage) from each 
dc power supply pin to ground. This is shown in Figure 14—13 where the supply 
voltages are +15 V. 


Input signal o 
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O Output signal 


A Transformer-Coupled Isolation Amplifier 


The Texas Instruments (Burr-Brown) 3656KG is an example of an isolation amplifier 
that uses transformer coupling to isolate the two stages. Unlike the ISO124, which has a 
fixed unity gain, the 3656KG provides for external gain adjustment of both stages. A 
diagram of the 3656KG with external gain resistors and decoupling capacitors is shown 
in Figure 14-14. 


Transformer 
isolation 


<@ FIGURE 14-14 
The 3656KG isolation amplifier. 
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The voltage gains of both the input stage and the output stage can be set with external 
resistors connected as shown in the figure. The gain of the input stage is 


Rei 
Equation 14-3 Ay =—+1 
Ri 
The gain of the output stage is 
Ryo 
Equation 14-4 Ay = +1 
Ri 


The total amplifier gain is the product of the gains of the input and output stages. 


Av(tot) = Ay A, 


EXAMPLE 14-4 Determine the total voltage gain of the 3656KG isolation amplifier in Figure 14-15. 


FIGURE 14-15 


Solution The voltage gain of the input stage is 


Rei 22kO, 
Ai =—+1= 
Ri 22k0 


+1=10+1=11 


The voltage gain of the output stage is 


Rp2 47kO, 
+ — 


AN — 
VaR: 10kO 


+1=47+1= 5.7 


The total voltage gain of the isolation amplifier is 


A\v(tot) = Ava = (UDexi)) = Wor 


Related Problem Select resistor values in Figure 14—15 that will produce a total voltage gain of approxi- 
mately 100. 
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Applications 


As previously mentioned, the isolation amplifier is used in applications that require no 
common grounds between a transducer and the processing circuits where interfacing to 
sensitive equipment is required. In chemical, nuclear, and metal-processing industries, for 
example, millivolt signals typically exist in the presence of large common-mode voltages 
that can be in the kilovolt range. In this type of environment, the isolation amplifier can 
amplify small signals from very noisy equipment and provide a safe output to sensitive 
equipment such as computers. 

Another important application is in various types of medical equipment. In medical ap- 
plications where body functions such as heart rate and blood pressure are monitored, the 
very small monitored signals are combined with large common-mode signals, such as 
60 Hz power-line pickup from the skin. In these situations, without isolation, dc leakage 
or equipment failure could be fatal. Figure 14-16 shows a simplified diagram of an isola- 
tion amplifier in a cardiac-monitoring application. In this situation, heart signals, which 
are very small, are combined with much larger common-mode signals caused by muscle 
noise, electrochemical noise, residual electrode voltage, and 60 Hz power-line pickup 
from the skin. 


Isolation amplifier 


Electrode for Two-wire 
sensing fetal shielded cable 
heartbeat 


Common 
electrode 


A FIGURE 14-16 


Fetal heartbeat monitoring using an isolation amplifier. 


The monitoring of the fetal heartbeat, as illustrated, is the most demanding type of 
cardiac monitoring because in addition to the fetal heartbeat that typically generates 
50 wV, there is also the mother’s heartbeat that typically generates | mV. The common- 
mode voltages can run from about | mV to about 100 mV. The CMR (common-mode 
rejection) of the isolation amplifier separates the signal of the fetal heartbeat from that 
of the mother’s heartbeat and from those common-mode signals. Therefore, the signal 
from the fetal heartbeat is essentially all that the amplifier sends to the monitoring 
equipment. 


pes of applications are isolation amplifiers used? 

e the two stages in a typical isolation amplifier and what is the purpose of 
wo Stages? 

stages in an isolation amplifier connected? 

purpose of the oscillator in an isolation amplifier? 
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14—3 OPERATIONAL TRANSCONDUCTANCE AMPLIFIERS (OTAS) 


Conventional op-amps are, as you know, primarily voltage amplifiers in which the 
output voltage equals the gain times the input voltage. The operational transconduc- 
tance amplifier (OTA) is primarily a voltage-to-current amplifier in which the output 
current equals the gain times the input voltage. 


After completing this section, you should be able to 


4 Explain and analyze the operation of an operation transconductance amplifier 
(OTA) 
¢ Identify the OTA schematic symbol 
4 Discuss the gain of an OTA 
* Define transconductance * Explain how the transconduc 
| t a 


ance is a function of 


irrent 


Figure 14-17 shows the symbol for an OTA. The double circle symbol at the output 
represents an output current source that is dependent on a bias current. Like the conven- 
tional op-amp, the OTA has two differential input terminals, a high input impedance, and a 
high CMRR. Unlike the conventional op-amp, the OTA has a bias-current input terminal, a 
high output impedance, and no fixed open-loop voltage gain. 


> FIGURE 14-17 ae 


Symbol for an operational transcon- 


ductance amplifier (OTA). 
Inputs Output 


Transconductance 


The transconductance of an electronic device is the ratio of the output current to the 
input voltage. For an OTA, voltage is the input variable and current is the output variable; 
therefore, the ratio of output current to input voltage is also its gain. Consequently, the 
voltage-to-current gain of an OTA is the transconductance, gj. 

I 

Equation 14-5 2m = out 
Vi 
In an OTA, the transconductance is dependent on a constant (K) times the bias current 

(Jgras), as indicated in Equation 14—6. The value of the constant is dependent on the inter- 
nal circuit design. 


Equation 14-6 8m = KI pias 


The output current is controlled by the input voltage and the bias current as shown by the 
following formula: 


Lut = 8mVin a KIpiasVin 
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The relationship of the transconductance and the bias current in an OTA is an important 
characteristic. The graph in Figure 14—18 illustrates a typical relationship. Notice that the 
transconductance increases linearly with the bias current. The constant of proportionality, 
K, is the slope of the line. In this case, K is approximately 16 wS/wA. 
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105 < FIGURE 14-18 
Example of a transconductance versus 
~ 104 bias current graph for a typical OTA. 
S 
3 10° 
2 
5 
: 
= 10 
1 
0.1 1 10 100 1000 
Bias current (uA) 
EXAMPLE 14-5 If an OTA has a g,, = 1000 S, what is the output current when the input voltage is 
25 mV? 
Solution Tout = &mVin = (1000 wS)(25 mV) = 25 wA 
Related Problem Basedon K = 16 pS/pA, calculate the approximate bias current required to produce 
8m = 1000 pS. 
Basic OTA Circuits 


Figure 14-19 shows the OTA used as an inverting amplifier with a fixed voltage gain. The 
voltage gain is set by the transconductance and the load resistance as follows. 


Vout = TouRL 
Dividing both sides by Vj, 


+V <4 FIGURE 14-19 


An OTA as an inverting amplifier 
with a fixed voltage gain. 
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> FIGURE 14-20 


An OTA as an inverting amplifier 
with a variable-voltage gain. 


Since V,,4/Vin is the voltage gain and [,,,,/Vin = 8m 
Ay = Sim 


The transconductance of the amplifier in Figure 14—19 is determined by the amount of 
bias current, which is set by the de supply voltages and the bias resistor Rpyas- 

One of the most useful features of an OTA is that the voltage gain can be controlled by 
the amount of bias current. This can be done manually, as shown in Figure 14—20(a), by 
using a variable resistor in series with Rpyas in the circuit of Figure 14-19. By changing 
the resistance, you can produce a change in Jpyas, which changes the transconductance. A 
change in the transconductance changes the voltage gain. The voltage gain can also be con- 
trolled with an externally applied variable voltage, as shown in Figure 14—20(b). A varia- 
tion in the applied bias voltage causes a change in the bias current. 


Voltage gain is 
controlled by this 
Voltage gain is variable voltage. 
controlled by this +V + Varas 
variable resistor. 


Reias 


O 
— aV = = =V = 


(a) Amplifier with resistance-controlled gain (b) Amplifier with voltage-controlled gain 


A Specific OTA 


The LM13700 is a typical OTA and serves as a representative device. The LM13700 is a dual- 
device package containing two OTAs and buffer circuits. Figure 14—21 shows the pin config- 
uration using a single OTA in the package. The maximum dc supply voltages are +18 V, and 
its transconductance characteristic happens to be the same as indicated by the graph in Figure 
14-18. For an LM13700, the bias current is determined by the following formula: 


+Vpras — (-V) -— 14V 


Rgias 


Tpias = 


The 1.4 V is due to the internal circuit where a base-emitter junction and a diode connect 
the external Rpras with the negative supply voltage (—V). The positive bias voltage, 
+Veras, may be obtained from the positive supply voltage, + V. 


» FIGURE 14-21 +V 

[e) 
An LM13700 OTA. There are two in (11) 
an IC package. The buffer transistors 
are not shown. Pin numbers for both 
OTAs are given in parentheses. 


Inverting et) © Isias 


input 


Noninverting AS 14) 
input 


Not only does the transconductance of an OTA vary with bias current, but so do the 
input and output resistances. Both the input and output resistances decrease as the bias cur- 
rent increases, as shown in Figure 14-22. 
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1000M <@ FIGURE 14-22 
Example of input and output resist- 
100M ances versus bias current. 
S 10M 
8 
5 
% 1M 
x 
100k 
10k 
0.1 i 10 100 1000 
Bias current (A) 
EXAMPLE 14-6 The OTA in Figure 14—23 is connected as an inverting fixed-gain amplifier where 


+Vepras = +V. Determine the approximate voltage gain. 


® FIGURE 14-23 


Voie 


Solution Calculate the bias current as follows: 
Meee) - 14V 9V—(-9V)-14V 
Rgias 33 kO 


TRIAS = 503 uA 


Using K = 16S/yA from the graph in Figure 14-18, the value of transconductance 
corresponding to Jprags = 503 wA is approximately 
y= Bleias = (16 pS/pA)(503 pA) = 8.05 X 10° uS 
Using this value of g,,, calculate the voltage gain. 
A, = &mR_ = (8.05 X 10° uS)(10kQ) = 80.5 


Related Problem If the OTA in Figure 14—23 is operated with dc supply voltages of +12 V, will this 
change the voltage gain and, if so, to what value? 


Two OTA Applications 


Amplitude Modulator Figure 14-24 illustrates an OTA connected as an amplitude 
modulator. The voltage gain is varied by applying a modulation voltage to the bias 
input. When a constant-amplitude input signal is applied, the amplitude of the output 
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» FIGURE 14-24 


The OTA as an amplitude modulator. 


signal will vary according to the modulation voltage on the bias input. The gain is depend- 
ent on bias current, and bias current is related to the modulation voltage by the following 
relationship: 


Vuop — CV) — 14V 


Rgias 


Tpias = 


This modulating action is shown in Figure 14-24 for a higher-frequency sinusoidal input 
voltage and a lower-frequency sinusoidal modulating voltage. 


+10 V 


+9V  Vuop ae, 
1@) O 1 kHz 


+1V 


nis when Jpyas, and thus g,,, is maximum. This occurs at 
¢ modulating voltage, Vyop- 
= (ey) me OV = (-9V) -14V 
Reias 7 56kO 
14-18, the constant K is approximately 16 wS/A. 
AS(max) = (16 wS/wA) (314 wA) = 5.02 mS 
ny, = (5.02 mS) (10kQ) = 50.2 
maxVin = (90.2) (G0mV) = 2.51V 


= 314yA 
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Calculate the minimum output voltage as follows: 
Vmopiminy — (-V)- 14V  1V—(-9V)-14V 
Reias 56kO. 
8m = Klpiascmin) = (16 wS/wA) (154 wA) = 2.46 mS 
Avymin) = 8mR_ = (2.46 mS) (10kQ) = 24.6 
Vout(min) = Avonin Vin = (24.6)(50 mV) = 1.23 V 


T31AS(min) = = 194 LA 


The resulting output voltage is shown in Figure 14-26. 


» FIGURE 14-26 


- a 


von 2siv 12sy Ml 
Related Problem Repeat this example with the sinusoidal modulating signal replaced by a square wave 
with the same maximum and minimum levels and a bias resistor of 39 kQ.. 
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Schmitt Trigger Figure 14-27 shows an OTA used in a Schmitt-trigger configuration. 
Basically, a Schmitt trigger is a comparator with hysteresis where the input voltage is large 
enough to drive the device into its saturated states. When the input voltage exceeds a cer- 
tain threshold value or trigger point, the device switches to one of its saturated output 
states. When the input falls below another threshold value, the device switches to its other 
saturated output state. 


<< FIGURE 14-27 
The OTA as a Schmitt trigger. 


In the case of the OTA Schmitt trigger, the threshold levels are set by the current 
through resistor Rj. The maximum output current in an OTA equals the bias current. 
Therefore, in the saturated output states, [,,,, = [pras. The maximum positive output volt- 
age is I,,,,R,, and this voltage is the positive threshold value or upper trigger point. When 
the input voltage exceeds this value, the output switches to its maximum negative voltage, 


736 ¢ SpECIAL-PURPOSE Op-AmpP CIRCUITS 


which is —J,,,R,. Since [,,; = [gras, the trigger points can be controlled by the bias cur- 
rent. Figure 14—28 illustrates this operation. 


> FIGURE 14-28 


Basic operation of the OTA Schmitt tl prasRy 
trigger. 


the voltage gain if the OTA is connected as a fixed-voltage amplifier 
ages are increased? 

the voltage gain if the OTA is connected as a variable-gain voltage 
1e voltage at the bias terminal is decreased? 


14—4 Loc AND ANTILOG AMPLIFIERS 


Log and antilog amplifiers are used in applications that require compression of analog 
input data, linearization of transducers that have exponential outputs, and analog mul- 

tiplication and division. They are often used in high-frequency communication systems, 
including fiber optics, for processing wide dynamic range signals. 


After completing this section, you should be able to 


4 Explain and analyze the operation of log and antilog amplifiers 
¢ Define logarithm 
4 Describe the basic log amplifier 
¢ Define natural logarithm ¢ Explain how a diode provides a logarithmic charac- 
teristic ¢ Describe the operation of a log amplifier with a diode in the feedback 
loop ¢ Describe the operation of a log amplifier with a BJT in the feedback loop 
4 Describe the basic antilog amplifier 
¢ Define antilogarithm ¢ Explain how a diode or transistor is connected to form 
an antilog amplifier 
4 Discuss signal compression with log amplifiers 
¢ Describe the difference between linear and logarithmic signal compression 


The logarithm of a number is the power to which the base must be raised to get that 
number. A logarithmic (log) amplifier produces an output that is proportional to the loga- 
rithm of the input, and an antilogarithmic (antilog) amplifier takes the antilog or inverse 
log of the input. 
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The Basic Logarithmic Amplifier 


The key element in a log amplifier is a device that exhibits a logarithmic characteristic that, 
when placed in the feedback loop of an op-amp, produces a logarithmic response. This 
means that the output voltage is a function of the logarithm of the input voltage, as expressed 
by the following general equation: 


Vout = —KIn(Vin) 


where K is a constant and In is the natural logarithm to the base e. A natural logarithm is 
the exponent to which the base e must be raised in order to equal a given quantity. Although 
we will use natural logarithms in the formulas in this section, each expression can be con- 
verted to a logarithm to the base 10 (log;9) using the relationship In x = 2.3 logiox. 

The semiconductor pn junction in the form of either a diode or the base-emitter junction 
of a BJT provides a logarithmic characteristic. You may recall that a diode has a nonlinear 
characteristic up to a forward voltage of approximately 0.7 V. Figure 14—29 shows the char- 
acteristic curve, where Vg is the forward diode voltage and Jp is the forward diode current. 


Tp 
A 


Vp (V) 


0 0.1 02 03 04 O05 0.6 0.7 


As you can see on the graph, the diode curve is nonlinear. Not only is the characteristic 
curve nonlinear, it is logarithmic and is specifically defined by the following formula: 


Ip = Inet? 
where Jp is the reverse leakage current, g is the charge on an electron, k is Boltzmann’s 
constant, and T is the absolute temperature in Kelvin. From the previous equation, the 


diode forward voltage, Vp, can be determined as follows. Take the natural logarithm (Jn is 
the logarithm to the base e) of both sides. 


In Trp =I1n Inet? 


The In of a product of two terms equals the sum of the In of each term. 


V, 

InJg = Ink + In ef Ve/kT — Indp + a= 

kT 
qVp 
In/p — Inkp = —— 
i ae 


The difference of two In terms equals the In of the quotient of the terms. 


() _ qVE 
Int — | = — 
ik kT 


Equation 14-7 


<q FIGURE 14-29 


A portion of a diode (pn junction) 
characteristic curve (V_ versus /,). 
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Equation 14-8 


Solving for Vp, 


(TG) 

Ve = = In — 

q TR 

Log Amplifier with a Diode When you place a diode in the feedback loop of an op- 
amp circuit, as shown in Figure 14-30, you have a basic log amplifier. Since the inverting 
input is at virtual ground (0 V), the output is at — Vp when the input is positive. Since Vp is 
logarithmic, so is V,,,;,. The output is limited to a maximum value of approximately —0.7 V 
because the diode’s logarithmic characteristic is restricted to voltages below 0.7 V. Also, 


the input must be positive when the diode is connected in the direction shown in the figure. 
To handle negative inputs, you must turn the diode around. 


» FIGURE 14-30 


A basic log amplifier using a diode as 
the feedback element. 


An analysis of the circuit in Figure 14-30 is as follows, beginning with the facts that 


Vout = —Vp and Ip = I;, because there is no current at the inverting input. 
Vout = —VE 
Vin 
k=lI,=— 
F in R 


Substituting into the formula for Vp, 


vm = (1) ) 
n 
out q IRR 


The term kT/q is a constant equal to approximately 25 mV at 25°C. Therefore, the output 
voltage can be expressed as 


Vout = — (0.025 vin( *- 
TpR, 
From Equation 14—8, you can see that the output voltage is the negative of a logarithmic 
function of the input voltage. The value of the output is controlled by the value of the input 
voltage and the value of the resistor R;. The other factor, Jp, is a constant for a given diode. 


EXAMPLE 14-8 


Determine the output voltage for the log amplifier in Figure 14-31. Assume Jp = 50 nA. 


» FIGURE 14-31 


R, dD, 
+2 Vo—-AW | 
100 kO, 
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Solution The input voltage and the resistor value are given in Figure 14-31. 

—(0.025 Vain( Vin ) = —(0.025 Viel ee) 
IRR j (50 nA)(100 kD) 

—(0.025 V)In(400) = —(0.025 V)(5.99) = —0.150V 


Vout 


Related Problem Calculate the output voltage of the log amplifier with a +4 V input. 


Open the Multisim file E14-08 in the Examples folder on the companion website. 
Apply the specified input voltage and measure the output voltage. 


Log Amplifier with a BJT The base-emitter junction of a bipolar junction transistor 
exhibits the same type of logarithmic characteristic as a diode because it is also a pn junction. 
A log amplifier with a BJT connected in a common-base form in the feedback loop is 
shown in Figure 14—32. Notice that V,,,, with respect to ground is equal to —Vpr. 


<@ FIGURE 14-32 


A basic log amplifier using a transis- 
tor as the feedback element. 


The analysis for this circuit is the same as for the diode log amplifier except that Vgr 
replaces Vp, Jc replaces Jp, and [pgo replaces Ip. The expression for the Vpp versus Ic 
characteristic curve is 


Ic = Ippoet¥ ee 


where JpR9 is the emitter-to-base leakage current. The expression for the output voltage is 


Vin ) : 
Vout = — (0.025 V)In| ——— Equation 14-9 
out ( ) n( re quation 
EXAMPLE 14-9 What is V,,,,, for a transistor log amplifier with V;, = 3 V and Ry; = 68kQ? Assume 
TeRo = 40nA. 
V; 3 
Soluti Vour = —(0.025 V)I i) = - 0025 von a) 
clad our = —6 yn( ( JIn\ (40 nA)(68 kQ) 


—(0.025 V)In(1103) = —175.1mV 


Related Problem Calculate V,,,, if R; is changed to 33 kQ. 
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Equation 14-10 


The Basic Antilog Amplifier 


The antilogarithm of a number is the result obtained when the base is raised to a power 
equal to the logarithm of that number. To get the antilogarithm, you must take the expo- 
nential of the logarithm (antilogarithm of x = git), 

An antilog amplifier is formed by connecting a transistor (or diode) as the input element 
as shown in Figure 14—33. The exponential formula still applies to the base-emitter pn 
junction. The output voltage is determined by the current (equal to the collector current) 
through the feedback resistor. 


Vout = —Relc 
The characteristic equation of the pn junction is 
le= iggget 


Substituting into the equation for Voy; 


Vour = —Rylppoet” =? 
As you can see in Figure 14-33, V;, = Vpr. 
Vout = —Rylegoet’! = 


The exponential term can be expressed as an antilogarithm as follows: 


_ : Vind 
Vout = —Relggoantilog ‘iT 


Since kT/q is approximately 25 mV, 


= y Vin 
Vout = —ReTepoantilog 25mV 


» FIGURE 14-33 


A basic antilog amplifier. 


EXAMPLE 14-10 


For the antilog amplifier in Figure 14—34, find the output voltage. Assume /pgo = 40 nA. 


» FIGURE 14-34 


Ry 
+175.1 mV 
68 kO 


Vout 


| 
| ae 


Solution 
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First of all, notice that the input voltage in Figure 14—34 is the inverted output voltage 
of the log amplifier in Example 14—9, where the output voltage is proportional to the 
logarithm of the input voltage. In this case, the antilog amplifier reverses the process 
and produces an output that is proportional to the antilog of the input. Stated another 
way, the input of an antilog amplifier is proportional to the logarithm of the output. So, 
the output voltage of the antilog amplifier in Figure 14-34 should have the same mag- 
nitude as the input voltage of the log amplifier in Example 14-9 because all the con- 


stants are the same. Let’s see if it does. 


V; 
ve Ry esoantto = ) = —(68 kQ)(40 nAJantloe( 


25 mV 
= —(68kQ.)(40nA)(1101) = -—3V 


175.1 ~) 
25mV 


Related Problem Determine V,,,; for the amplifier in Figure 14-34 if the feedback resistor is changed to 


100kQ. 


Signal Compression with Logarithmic Amplifiers 


In certain applications, a signal may be too large in magnitude for a particular system to 
handle. The term dynamic range is often used to describe the range of voltages contained 
in a signal. In these cases, the signal voltage must be scaled down by a process called 
signal compression so that it can be properly handled by the system. If a linear circuit is 
used to scale a signal down in amplitude, the lower voltages are reduced by the same per- 
centage as the higher voltages. Linear signal compression often results in the lower volt- 
ages becoming obscured by noise and difficult to accurately distinguish, as illustrated in 
Figure 14—35(a). To overcome this problem, a signal with a large dynamic range can be 
compressed using a logarithmic response, as shown in Figure 14—35(b). In logarithmic sig- 
nal compression, the higher voltages are reduced by a greater percentage than the lower 
voltages, thus keeping the lower voltage signals from being lost in noise. 


This portion of the signal 
may be lost when compressed 
to a very small amplitude. 


Linear 
signal compression 


Large voltages are reduced 
more than small voltages. 


Logarithmic 
signal compression 


(b) 


< FIGURE 14-35 


The basic concept of signal compres- 
sion with a logarithmic amplifier. 
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s the diode or transistor perform in the feedback loop of a log 


t of a log amplifier limited to about 0.7 V? 
ors that determine the output voltage of a basic log amplifier? 
mentation, how does a basic antilog amplifier differ from a basic log 


14—5 CONVERTERS AND OTHER OP-Amp CIRCUITS 


Equation 14-11 


a FE 


This section introduces a few more op-amp circuits that represent basic applications of 
the op-amp. You will learn about the constant-current source, the current-to-voltage 
converter, the voltage-to-current converter, and the peak detector. This is, of course, 
not a comprehensive coverage of all possible op-amp circuits but is intended only to 
introduce you to some common basic uses. 


After completing this section, you should be able to 


Constant-Current Source 


A constant-current source delivers a load current that remains constant when the load 
resistance changes. Figure 14-36 shows a basic circuit in which a stable voltage source 
(Vin) provides a constant current (/;) through the input resistor (R;). Since the inverting 
(—) input of the op-amp is at virtual ground (0 V), the value of J; is determined by Vjy 
and R; as 


» FIGURE 14-36 


A basic constant-current source. 


Now, since the internal input impedance of the op-amp is extremely high (ideally infinite), 
practically all of J; is through R;, which is connected in the feedback path. Since J; = [,, 


V; 
i, = = 
R; 


If R; changes, /,, remains constant as long as Vpy and R; are held constant. 
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Current-to-Voltage Converter 


A cutrent-to-voltage converter converts a variable input current to a proportional output 
voltage. A basic circuit that accomplishes this is shown in Figure 14—37(a). Since practi- 
cally all of J; is through the feedback path, the voltage dropped across Ry is [;Rp Because 
the left side of Ris at virtual ground (0 V), the output voltage equals the voltage across Ry, 
which is proportional to J;. 


Vout = [Ry 


Vn 


out 


(a) Basic circuit (b) Circuit for sensing light level and converting 
it to a proportional output voltage 


A specific application of this circuit is illustrated in Figure 14—37(b), where a photocon- 
ductive cell is used to sense changes in light level. As the amount of light changes, the cur- 
rent through the photoconductive cell varies because of the cell’s change in resistance. This 
change in resistance produces a proportional change in the output voltage (AV,,,, = AJR). 


Voltage-to-Current Converter 


A basic voltage-to-current converter is shown in Figure 14—38. This circuit is used in ap- 
plications where it is necessary to have an output (load) current that is controlled by an 
input voltage. 

Neglecting the input offset voltage, both inverting and noninverting input terminals of 
the op-amp are at the same voltage, V;,,. Therefore, the voltage across R, equals V;,. Since 
there is negligible current at the inverting input, the current through Rj is the same as the 
current through R;; thus 


<q FIGURE 14-38 


Vin 
Voltage-to-current converter. 


Peak Detector 


An interesting application of the op-amp is in a peak detector circuit such as the one shown 
in Figure 14-39. In this case the op-amp is used as a comparator. This circuit is used to de- 
tect the peak of the input voltage and store that peak voltage on a capacitor. For example, 


Equation 14-12 


<@ FIGURE 14-37 


5 
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Current-to-voltage converter. 


Equation 14-13 
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> FIGURE 14-39 


in 


A basic peak detector. 


this circuit can be used to detect and store the maximum value of a voltage surge; this value 
can then be measured at the output with a voltmeter or recording device. The basic opera- 
tion is as follows. When a positive voltage is applied to the noninverting input of the op- 
amp, the high-level output voltage of the op-amp forward-biases the diode and charges the 
capacitor. The capacitor continues to charge until its voltage reaches a value equal to the 
input voltage and thus both op-amp inputs are at the same voltage. At this point, the op- 
amp comparator switches, and its output goes to the low level. The diode is now reverse- 
biased, and the capacitor stops charging. It has reached a voltage equal to the peak of V;, 
and will hold this voltage until the charge eventually leaks off or until it is reset with a 
switch as indicated. If a greater input peak occurs, the capacitor charges to the new peak. 


the constant-current source in Figure 14—36, the input reference voltage is 6.8 V 
R; is 10 kQ.. What value of constant current does the circuit supply to a 1.0 kO, 
To a5 kQ, load? 


t element determines the constant of proportionality that relates input current to 
it voltage in the current-to-voltage converter? 


The system in this application is designed to maintain a constant liquid level in a tank. 
The level is kept constant by an electric pump and a pressure sensor (transducer) that de- 
tects a change in the level of the liquid by sensing the pressure in a tube. 


Level-Sensing Method 


A tube with both ends open is placed vertically in a liquid so that one end is above the 
surface of the liquid. The level of liquid in the tube will be the same as the level in the 
tank. Now, if the upper end is closed, the pressure of the air trapped in the tube will vary 
proportional to a change in level of the liquid. For example, if the liquid is water and it 
rises in the tank by 20 mm, then the pressure in the tube will increase by 20 mm of water. 
A pressure sensor is placed on the upper end of the tube when the liquid is at its reference 
level, and the other side is exposed to atmospheric pressure. When the water level de- 
creases, a negative change in pressure is measured by the pressure sensor and a small pro- 
portional voltage is produced. The voltage from the pressure sensor is connected to an in- 
strumentation amplifier, which amplifies the small voltage to drive a comparator with 
hysteresis (Schmitt trigger). The comparator reference voltage is adjusted to the desired 
value; and when the level falls below the reference, the comparator switches states and 


Pressure sensor 


Reference level 


Minimum level 
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interface 


FIGURE 14-40 


Block diagram of the liquid-level control system. 


turns the pump on to refill the tank to the reference level. The pressure sensor detects when 
the reference level of the liquid is reached, and the comparator switches back to its other 
state, turning the pump off: A basic diagram of the system is shown in Figure 14—40. 


The Circuit 


This system will operate in an industrial environment with exposure to mostly 60 Hz 
electrical noise. Also, the circuit will be located some distance from the tank and con- 
nected to the pressure sensor with a long coaxial cable. The output voltage of the pressure 
sensor is very small (100 ~V — 200 pV). For these reasons, a shield-guard driver is 
incorporated to minimize the effects of noise on the small signal. The AD624 instrumen- 
tation amplifier is used to drive an LM111 comparator with hysteresis controlled by a 
rheostat in the feedback circuit. An AD741 op-amp connected as a voltage-follower is 
used for the guard driver. The circuit diagram is shown in Figure 14—41. Power supply 
connections are omitted to simplify the drawing. Resistors R; and R2 provide a return 
path for bias currents to prevent output drift. R3 is a pull-up resistor for the comparator 
output, and R4 and Rs provide for the adjustable reference levels by varying the hystere- 
sis. Rg provides a resistance in series with the shield-guard driver to limit current. 

As the liquid level in the tank decreases, the pressure in the tube decreases. This decrease 
in pressure is translated into a proportional decrease in voltage by the pressure sensor. This 
decrease in voltage is processed by the circuit to trigger the comparator to its HIGH state to 
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FIGURE 14-41 


Schematic diagram of the liquid-level control circuit. 


turn the pump on when a desired minimum level is reached. An increase in level occurs 
while the pump is running, causing a proportional increase in pressure. When the maxi- 
mum level is reached, the circuit triggers the comparator to its LOW state to turn the 
pump off. This process is illustrated in Figure 14—42. 


Maximum level — — =m -— — — — — - - - - -- - - - - _ 
Pressure 
increasing as 
tank fills 


Pressure 
decreasing as 
tank empties 


Minimum level - - ' steer Sie eee ee " SSeS 
Comparator Comparator 
output turns output turns 
pump on pump off 


FIGURE 14-42 


System operation. 


AD624 Datasheet 


The front page of the datasheet for the AD624 instrumentation amplifier is shown in 
Figure 14—43. 
1. Use the datasheet to determine the voltage gain of the AD624 in Figure 14—41 
based on the connections. You will have to go on-line. 
2. How would you change the gain? 


APPLICATION ACTIVITY ® 747 


ANALOG Precision 
DEVICES Instrumentation Amplifier 


AD624 


FEATURES FUNCTIONAL BLOCK DIAGRAM 
Low Noise: 0.2 pV p-p 0.1 Hz to 10 Hz 

Low Gain TC: 5 ppm max (G = 1) 

Low Nonlinearity: 0.001% max (G = 1 to 200) 
High CMRR: 130 dB min (G = 500 to 1000) 

Low Input Offset Voltage: 254V, max 

Low Input Offset Voltage Drift: 0.254V/°C max 
Gain Bandwidth Product: 25 MHz 

Pin Programmable Gains of 1, 100, 200, 500, 1000 
No External Components Required 

Internally Compensated 


PRODUCT DESCRIPTION PRODUCT HIGHLIGHTS 

The AD624 is a high precision, low noise, instrumentation 1. The AD624 offers outstanding noise performance. Input 
amplifier designed primarily for use with low level transducers, noise is typically less than 4 nV/VHz at 1 kHz. 

including load cells, strain gauges and pressure transducers. An 2. The AD624 is a functionally complete instrumentation am- 


outstanding combination of low noise, high gain accuracy, low 
gain temperature coefficient and high linearity make the AD624 
ideal for use in high resolution data acquisition systems. 


The AD624C has an input offset voltage drift of less than 


0.25 wV/°C, output offset voltage drift of less than 10 uV/°C, 
CMRR above 80 dB at unity gain (130 dB at G = 500) anda 


plifier. Pin programmable gains of 1, 100, 200, 500 and 1000 
are provided on the chip. Other gains are achieved through 
the use of a single external resistor. 


3. The offset voltage, offset voltage drift, gain accuracy and gain 
temperature coefficients are guaranteed for all pretrimmed 


maximum nonlinearity of 0.001% at G = 1. In addition to these eal: : : 

outstanding dc specifications, the AD624 exhibits superior ac 4. The AD624 provides totally independent input and output 
performance as well. A 25 MHz gain bandwidth product, 5 V/us offset nulling terminals for high precision applications. 

slew rate and 15 us settling time permit the use of the AD624 in This mun Zes, the effect of offset voltage in gain ranging 
high speed data acquisition applications. applications. 

The AD624 does not need any external components for pre- 5. A sense terminal is provided to enable the user to minimize 
trimmed gains of 1, 100, 200, 500 and 1000. Additional gains the errors induced through long leads. A reference terminal is 
such as 250 and 333 can be programmed within one percent also provided to permit level shifting at the output. 


accuracy with external jumpers. A single external resistor can 
also be used to set the 624’s gain to any value in the range of 1 
to 10,000. 


FIGURE 14-43 


AD624 datasheet (page I). Datasheet is courtesy of Analog Devices and is subject to revisions. To see 
the complete datasheet go to www.analog.com. 


Simulation 


The liquid-level control circuit is simulated using Multisim with an input signal of 

100 mV at 100 Hz to represent the pressure sensor output. Although the sensor output 
will change very slowly (almost dc), we are using a higher frequency signal in order to 
observe the circuit operation. The simulated circuit is shown in Figure 14—44(a) for a 
differential input. The resulting outputs are shown in part (b). The comparator is triggered 
at two difference points, as indicated. Notice that there is no signal on the output of the 
shield-guard driver because there is no common-mode signal on the inputs. 


3. Refer to Figure 14—44(b) to determine the voltage gain of the instrumentation am- 
plifier and compare to the gain indicated by the pin connections. The input is 
100 V rms. 

4. Determine the difference in mV (hysteresis) between the trigger points on the IA 
output waveform in Figure 14—44(b). 
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FIGURE 14-44 


Simulation with a differential input. 


Next, the input is changed to a 100 mV common-mode signal at a frequency of 60 Hz, 
and the simulation is run as shown in Figure 14—45. This simulates a low-frequency noise 
environment. Notice on the scope display that there is no output signal from the instru- 
mentation amplifier, which indicates that it is rejecting the common-mode signal. The 
scope display also shows that the shield-guard driver correctly produces the common- 
mode signal. 


5. Verify that the shield-guard driver output is equal to the common-mode signal. 
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Couplin 9 


(b) Output of IA (yellow), output of comparator (blue), and output of guard driver (pink) 


FIGURE 14-45 


Simulation with a common-mode input. 


Simulate the liquid-level control circuit using your Multisim software. Observe the 
operation with the virtual oscilloscope. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 
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Lab Experiment 


_| To build and test a similar circuit, go to Experiment 14—A in your lab manual 
(Laboratory Exercises for Electronic Devices by David Buchla and Steven 


Wetterling). 


Circuit Board 


The liquid-level control circuit is implemented on a printed circuit board as shown in 
Figure 14—46. The dark gray lines represent backside connections. 


AD624 


A” FIGURE 14-46 


Liquid-level control board. 


6. Check the printed circuit board and verify that it agrees with the schematic. 
7. Label each input and output pin according to function. 


Assignment 
Create a circuit to provide a function similar to that of the level-control circuit in the Application 
Activity. 


Procedure: Open your Designer2 software and configure the CAMs as shown in Figure 14-47. 
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Untitled - AnadigmDesigner2 Bh untitied - AnadigmDesigner? 


Fle Edt Simulate Configure Settings Dyn g- Target View Too’ Help Fle Ect Sivulate Configura Settings Oy 


Dee & &» \ Aan WS 2 


For Halp, Press FL 


(a) Select and place two inverting gain stage CAMs and one (b) Connect the CAMs and add a differential signal source. 
comparator CAM. 


A FIGURE 14-47 


Configure the signal generator as shown in Figure 14—48. Set the signal generator to represent a 
pressure sensor with a differential output and an amplitude of 100 wV. Note that the frequency is 
selected only to facilitate viewing. 


Signal Generator Control 
N i fae 
1 A__ ify 

Output 


© Differential O Single-ended 


Signal Data 
Peak Amplitude Differential Offset 


100u Volts 0 | Volts 


Frequency 
20k! Hz 0 | Degrees 


Common Mode Dffset 


2 | Volts 


A FIGURE 14-48 
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Sot CAM Parameters 


Inatance Mame Garlrr! 


Chala 
Glock (Cheek (4000 kH=) 


Configure the gain stages for a total gain of 500, as shown in Figure 14—49. 


AnadgriVore\Gairiny 1.1.3 firwerting Gan Stage] 


Parameters: 


Gan; [100 


CAM Seuace: Anadigm. Approved Yes 


100 reaized) [0.01 to 100) 


(2 BR set CAM Parameters 


Inatance Name Garlnv! AradoeVortex\Gaininy 11.3 Grvesing Gein Stape) 
ee |iNo rites} 
Clock& Clock) [4000 kH2) . 
Parameters 
Gin: (5 1.00 rested) [0.01 to 109) 


CAM Scusce: Anadigm. Aoprovred ‘Yow 


FIGURE 14-49 


First stage has gain of 100 and second stage has gain of 5. 


Configure the comparator for a hysteresis of 40 mV, as shown in Figure 14—50. 


Set CAM Parameters 


Instance Name: Comparator! 


Clocks 
ClockA Clock (4000 kHz) 


Options 


AnadigniVortex\Comparator 2 1.10 (Comparator) 


[No notes) 


Compare To: 
Input Sampling: 
Output Polarity: 

Hysteresis: 
Output Synch: 


@ Signal Ground 
© Phase 1 

© Non-twerted 
Com 

@ None 


CAM Source: Anadigm, Approved Yes 


FIGURE 14-50 


© Dud Input © Varlable Reference 
© Phase 2 

© Inverted 

© 10my © 20mv 

© Phase 1 © Phase 2 


Analysis: Place probes as shown in Figure 14—51 (top) and run a simulation. The results are 
shown in Figure 14—51 (bottom). 
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Use mouse to drag object in workspace 


Oscilloscope - Untitled 
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A FIGURE 14-51 


Waveform measurement with a 40 mV comparator hysteresis. 


Change the comparator hysteresis to 10 mV, and you get the waveform shown in Figure 14—52. 
Notice how the trigger points change. 

The comparator hysteresis sets the trigger points on the signal so that a minimum and a maximum 
level can be set to control the level in a tank. Once an FPAA/dpASP is programmed with this design, 
the levels can be changed by programming a different hysteresis. 


Programming Exercises 
1. Open your Designer2 software. 
2. Implement the level control circuit described. 
3. Observe the output for a comparator hyteresis of 0, 10 mV, 20 mV, and 40 mV. 
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A FIGURE 14-52 


Waveform measurement with a 10 mV comparator hysteresis. 


PAM Experiment 
=) pil 


To program, download, and test a circuit using AnadigmDesigner2 software and the programmable 


analog module (PAM) board, go to Experiment 14—B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steven Wetterling. 


SUMMARY 


Section 14-1 


Section 14-2 


Section 14-3 


Section 14-4 


Sd 


A basic instrumentation amplifier is formed by three op-amps and seven resistors, including the 
gain-setting resistor Rg. 

An instrumentation amplifier has high input impedance, high CMRR, low output offset, and low 
output impedance. 

The voltage gain of a basic instrumentation amplifier is set by a single external resistor. 


An instrumentation amplifier is useful in applications where small signals are embedded in large 
common-mode noise. 


A basic isolation amplifier has electrically isolated input and output stages. 
Isolation amplifiers use capacitive, optical, or transformer coupling for isolation. 


Isolation amplifiers are used to interface sensitive equipment with high-voltage environments 
and to provide protection from electrical shock in certain medical applications. 


The operational transconductance amplifier (OTA) is a voltage-to-current amplifier. 

The output current of an OTA is the input voltage times the transconductance. 

In an OTA, transconductance varies with bias current; therefore, the gain of an OTA can be var- 
ied with a bias voltage or a variable resistor. 

The operation of log and antilog amplifiers is based on the nonlinear (logarithmic) characteris- 
tics of a pn junction. 

A log amplifier has a pn junction in the feedback loop, and an antilog amplifier has a pn junc- 
tion in series with the input. 


_KEY TERMS 


Section 14-5 


_ KEY FORMULAS 


Key FoRMULAS @ 755 


® A constant-current source delivers the same load current regardless of load resistance (within 
limits). 

® Ina peak detector, an op-amp is used as a comparator to charge a capacitor through a diode to 
the peak value of the input voltage. It is useful in measuring peak voltage surges. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 
Instrumentation amplifier An amplifier used for amplifying small signals riding on large common- 
mode voltages. 

Isolation amplifier An amplifier with electrically isolated internal stages. 


Natural logarithm The exponent to which the base e(e = 2.71828) must be raised in order to 
equal a given quantity. 
Operational transconductance amplifier (OTA) A voltage-to-current amplifier. 


Transconductance In an electronic device, the ratio of the output current to the input voltage. 


Instrumentation Amplifier 


2R 
14-1 Ag =1+— 
Rg 
14-2 Rg = ca 
ae ee | 
Isolation Amplifier 
Rp 
14-3 Ay = — + 
Ri 
Ryo 
14-4 Ay =—+1 
Rin 


Operational Transconductance Amplifier (OTA) 


Tout 
4-5 g,=— 
m V; 


14-6 &m = KT pias 
Log and Antilog Amplifiers 
14-7 Vout = —KIn(Vin) 


14-8 = Vi = —(0.025V)In (7) 
oul TyRy 


14-9 V,, = 0.028 )In ( Vin ) 
, TrpoR1 


14-10 Vow = —Rplepo antilog( 7: a) 


Converters and Other Op-Amp Circuits 


V, 
14-11 = a Constant-current source 
i 
14-12) Vou = [Re Current-to-voltage converter 
V; 
14-13 f= — Voltage-to-current converter 


Ry 
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-TRUE/FALSE QUIZ 


CIRCUIT-ACTION QUIZ 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


CSC mrnNnNAnA nN FW NY 


— 
= 


Instrumentation amplifiers are particularly useful for amplifying small signals in a noisy envi- 
ronment. 


. The gain of an instrumentation amplifier cannot be changed. 

. A basic instrumentation amplifier consists of three op-amps. 

. An isolation amplifier prefers to operate alone. 

. An isolation amplifier consists of two electrically isolated stages. 

. All isolation amplifiers use transformer coupling. 

. OTA stands for operational transistor amplifier. 

. The transconductance of an OTA is dependent on a bias current. 

. A log amplifier can be used for compression of large dynamic range signals. 


. A peak detector is a circuit that uses a diode and a capacitor to produce a dc voltage equal to 


the peak of the input signal voltage. 


Answers can be found at www.pearsonhighered.com/floyd. 


1. 


If the value of Rg in Figure 14~7 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the voltage gain of the instrumentation amplifier in Figure 14—7 is set to 10 at 1 kHz and the 


frequency is increased to 100 kHz, the gain will 


(a) increase (b) decrease (c) not change 

. If the voltage gain of the instrumentation amplifier in Figure 14—7 is increased from 10 to 100, 
the bandwidth will 
(a) increase (b) decrease (c) not change 

. If Rp; in the isolation amplifier of Figure 14-15 is increased to 33 kQ, the total voltage gain 
will 
(a) increase (b) decrease (c) not change 


. If the values of all the capacitors in Figure 14-15 are changed to 0.68 uF, the gain of the out- 


put stage will 


(a) increase (b) decrease (c) not change 


. If the value of R; in the OTA of Figure 14—23 is reduced, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the bias current in the OTA of Figure 14—23 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 

. In the log amplifier of Figure 14-31, when the value of R, is decreased, the output voltage 
will 
(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonhighered.com/floyd. 


Section 14-1 


1. 


2. 


To make a basic instrumentation amplifier, it takes 

(a) one op-amp with a certain feedback arrangement 

(b) two op-amps and seven resistors 

(c) three op-amps and seven capacitors 

(d) three op-amps and seven resistors 

Typically, an instrumentation amplifier has an external resistor used for 
(a) establishing the input impedance (b) setting the voltage gain 


(c) setting the current gain (d) interfacing with an instrument 


Section 14—2 


Section 14-3 


Section 14-4 


Section 14-5 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


SELF-TEST 


. Instrumentation amplifiers are used primarily in 


(a) high-noise environments (b) medical equipment 


(c) test instruments (d) filter circuits 


. Isolation amplifiers are used primarily in 


(a) remote, isolated locations 

(b) systems that isolate a single signal from many different signals 

(c) applications where there are high voltages and sensitive equipment 
(d) applications where human safety is a concern 


(e) answers (c) and (d) 


. The two parts of a basic isolation amplifier are 


(a) amplifier and filter (b) input stage and coupling stage 
(c) input stage and output stage (d) gain stage and offset stage 


. The stages of many isolation amplifiers are connected by 


(a) copper strips (b) a capacitor (c) microwave links (d) current loops 


. The characteristic that allows an isolation amplifier to amplify small signal voltages in the 


presence of much greater noise voltages 1s its 
(a) CMRR (b) high gain 


(c) high input impedance (d) magnetic coupling between input and output 


. The term OTA means 


(a) operational transistor amplifier (b) operational transformer amplifier 


(c) operational transconductance amplifier (d) output transducer amplifier 


. In an OTA, the transconductance is controlled by 


(a) the dc supply voltage (b) the input signal voltage 

(c) the manufacturing process (d) a bias current 

The voltage gain of an OTA circuit is set by 

(a) a feedback resistor (b) the transconductance only 
(c) the transconductance and the load resistor (d) the bias current and supply voltage 
An OTA is basically a 

(a) voltage-to-current amplifier (b) current-to-voltage amplifier 
(c) current-to-current amplifier (d) voltage-to-voltage amplifier 
The operation of a logarithmic amplifier is based on 

(a) the nonlinear operation of an op-amp 

(b) the logarithmic characteristic of a pn junction 

(c) the reverse breakdown characteristic of a pn junction 

(d) the logarithmic charge and discharge of an RC circuit 

If the input to a log amplifier is x, the output is proportional to 

(a) e& (b) Inx (c) logigx 

(d) 2.3 logiox (e) answers (a) and (c) (f) answers (b) and (d) 
If the input to an antilog amplifier is x, the output is proportional to 
(a) e'™ =(b) ec — (e) nx ~— dd) e* 

A constant-current source provides a nonchanging current to a load 
(a) for all values of current 

(b) for all values of load resistance 

(c) for all values of load resistance within defined limits 


A peak detector consists of 


757 


(a) a comparator, a transistor, and a capacitor (b) a comparator, a diode, and a capacitor 


(c) a comparator, a diode, and an inductor (d) an integrator, a diode, and a capacitor 
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| PROBLEMS Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 14-1 Instrumentation Amplifiers 


1. Determine the voltage gains of op-amps Al and A2 for the instrumentation amplifier configu- 
ration in Figure 14-53. 


> FIGURE 14-53 


Vivi O 


Multisim file circuits are identified 
with a logo and are in the Problems 
folder on the companion website. 
Filenames correspond to Figure 
numbers (e.g., F14—53). 


2. Find the overall voltage gain of the instrumentation amplifier in Figure 14-53. 


3. The following voltages are applied to the instrumentation amplifier in Figure 14-53: 
Ving = SMV, Ving = 10 mV, and V,,,, = 225 mV. Determine the final output voltage. 


4. What value of Rg must be used to change the gain of the instrumentation amplifier in Figure 
14-53 to 1000? 


5. What is the voltage gain of the AD622 instrumentation amplifier in Figure 14-54? 


> FIGURE 14-54 +15 V 
oO 


6. Determine the approximate bandwidth of the amplifier in Figure 14—54 if the voltage gain is 
set to 10. Use the graph in Figure 14-6. 


7. Specify what you must do to change the gain of the amplifier in Figure 14—54 to approximately 24. 
8. Determine the value of Rg in Figure 14—54 for a voltage gain of 20. 


Section 14-2 Isolation Amplifiers 


9. The op-amp in the input stage of a certain isolation amplifier has a voltage gain of 30. The out- 
put stage is set for a gain of 10. What is the total voltage gain of this device? 


ProBLeMsS @ 759 


10. Determine the total voltage gain of each 3656KG in Figure 14-55. 


(a) (b) 
A FIGURE 14-55 


11. Specify how you would change the total gain of the amplifier in Figure 14—55(a) to approxi- 
mately 100 by changing only the gain of the input stage. 


12. Specify how you would change the total gain in Figure 14—55(b) to approximately 440 by 
changing only the gain of the output stage. 


13. Specify how you would connect each amplifier in Figure 14—55 for unity gain. 


Section 14-3 Operational Transconductance Amplifiers (OTAs) 
14. A certain OTA has an input voltage of 10 mV and an output current of 10 wA. What is the 
transconductance? 


15. A certain OTA with a transconductance of 5000 pS has a load resistance of 10k. If the input 
voltage is 100 mV, what is the output current? What is the output voltage? 


16. The output voltage of a certain OTA with a load resistance is determined to be 3.5 V. If its 
transconductance is 4000 wS and the input voltage is 100 mV, what is the value of the load 
resistance? 

17. Determine the voltage gain of the OTA in Figure 14-56. Assume K = 16 wS/pA for the graph 
in Figure 14-57. 


> FIGURE 14-56 +12 V 
A o 
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» FIGURE 14-58 


> FIGURE 14-57 10° 


104 


10° 


107 


Transconductance, g,, (uS) 


10 


0.1 1 10 100 1000 
Bias current (A) 


18. If a 10 kQ rheostat is added in series with the bias resistor in Figure 14—56, what are the mini- 
mum and maximum voltage gains? 


19. The OTA in Figure 14—58 functions as an amplitude modulation circuit. Determine the output 
voltage waveform for the given input waveforms assuming K = 16 wS/pA. 


YMop 44ay— 


I 
I 
: | \ 1 

0 10us 20us 30us 40 us 50 Us 


+9'V Vurop 


20. Determine the trigger points for the Schmitt trigger in Figure 14-59. 


21. Determine the output voltage waveform for the Schmitt trigger in Figure 14-59 in relation to a 
1 kHz sine wave with peak values of +10 V. 


> FIGURE 14-59 +9 V 


Vv. 


in 


> FIGURE 14-62 


Section 14—4 


Section 14—5 
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Log and Antilog Amplifiers 

22. Using your calculator, find the natural logarithm (In) of each of the following numbers: 
(a) 0.5 (b) 2 (ce) 50 (d) 130 

23. Repeat Problem 22 for log jo. 

24. What is the antilog of 1.6? 

25. Explain why the output of a log amplifier is limited to approximately 0.7 V. 


26. What is the output voltage of a certain log amplifier with a diode in the feedback path when the 
input voltage is 3 V? The input resistor is 82 kQ. and the reverse leakage current is 100 nA. 


27. Determine the output voltage for the log amplifier in Figure 14-60. Assume Jggo = 60nA. 


> FIGURE 14-60 


28. Determine the output voltage for the antilog amplifier in Figure 14-61. Assume Jggpo = 60 nA. 


> FIGURE 14-61 Ry 


+0.225 VO AMA, 
100 kO 


Vout 


i 


29. Signal compression is one application of logarithmic amplifiers. Suppose an audio signal with 
a maximum voltage of 1 V and a minimum voltage of 100 mV is applied to the log amplifier in 
Figure 14-60. What will be the maximum and minimum output voltages? What conclusion can 
you draw from this result? 


Converters and Other Op-Amp Circuits 


30. Determine the load current in each circuit of Figure 14-62. 


+12 V +12 V 


10kQ 


100.9 R, 
560.0 


10kQ 


(a) (b) 
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31. Devise a circuit for remotely sensing temperature and producing a proportional voltage that can 
then be converted to digital form for display. A thermistor can be used as the temperature- 
sensing element. 


MULTISIM TROUBLESHOOTING PROBLEMS 
it These file circuits are in the Troubleshooting Problems folder on the companion website. 
32. Open file TSP14-32 and determine the fault. 
33. Open file TSP14-33 and determine the fault. 
34. Open file TSP14-34 and determine the fault. 


35. Open file TSP14-35 and determine the fault. 
36. Open file TSP14-36 and determine the fault. 
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15-1 Basic Filter Responses 

15-2 Filter Response Characteristics 
15-3 Active Low-Pass Filters 

15-4 Active High-Pass Filters 

15-5 Active Band-Pass Filters 

15-6 Active Band-Stop Filters 

15-7 Filter Response Measurements 


Application Activity 
Programmable Analog Technology 


Describe and analyze the gain-versus-frequency responses 
of basic types of filters 


Describe three types of filter response characteristics and 
other parameters 


Identify and analyze active low-pass filters 

Identify and analyze active high-pass filters 

Analyze basic types of active band-pass filters 

Describe basic types of active band-stop filters 

Discuss two methods for measuring frequency response 


Filter ¢ High-pass filter 
Low-pass filter ¢@ Band-pass filter 
Pole ¢ Band-stop filter 
Roll-off @ Damping factor 


RFID stands for Radio Frequency Identification and is a 
technology that enables the tracking and/or identification of 
objects. Typically, an RFID system consists of an RF tag 
containing an IC chip that transmits data about the object, 

a reader that receives transmitted data from the tag, and a 
data-processing system that processes and stores the data 
passed to it by the reader. In this application, you will focus 
on the RFID reader. RFID systems are used in metering ap- 
plications such as electronic toll collection, inventory control 
and tracking, merchandise control, asset tracking and recov- 
ery, tracking parts moving through a manufacturing process, 
and tracking goods in a supply chain. 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


Power supply filters were introduced in Chapter 2. In this 
chapter, active filters that are used for signal processing are 


introduced. Filters are circuits that are capable of passing sig- 


nals with certain selected frequencies while rejecting signals 
with other frequencies. This property is called selectivity. 
Active filters use transistors or op-amps combined with 
passive RC, RL, or RLC circuits. The active devices provide 
voltage gain, and the passive circuits provide frequency selec- 
tivity. In terms of general response, the four basic categories 


of active filters are low-pass, high-pass, band-pass, and band- 


stop. In this chapter, you will study active filters using op- 
amps and RC circuits. 
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15-1 BAsic FILTER RESPONSES 


Equation 15-1 


Filters are usually categorized by the manner in which the output voltage varies with 
the frequency of the input voltage. The categories of active filters are low-pass, high- 
pass, band-pass, and band-stop. Each of these general responses are examined. 


After completing this section, you should be able to 


4 Describe and analyze the gain-versus-frequency responses of basic types of filters 
4 Describe low-pass filter response 
¢ Define passband and critical frequency ¢@ Determine the bandwidth 
¢ Define pole ¢ Explain roll-off rate and define its unit ¢ Calculate the critical 
frequency 
4 Describe high-pass filter response 
¢ Explain how the passband is limited ¢ Calculate the critical frequency 
4 Describe band-pass filter response 
¢ Determine the bandwidth + Determine the center frequency ¢ Calculate the 
quality factor (Q) 
4 Describe band-stop filter response 
¢ Determine the bandwidth 


Low-Pass Filter Response 


A filter is a circuit that passes certain frequencies and attenuates or rejects all other fre- 
quencies. The passband of a filter is the range of frequencies that are allowed to pass 
through the filter with minimum attenuation (usually defined as less than —3 dB of attenu- 
ation). The critical frequency, f., (also called the cutoff frequency) defines the end of the 
passband and is normally specified at the point where the response drops —3 dB (70.7%) 
from the passband response. Following the passband is a region called the transition region 
that leads into a region called the stopband. There is no precise point between the transi- 
tion region and the stopband. 

A low-pass filter is one that passes frequencies from dc to f, and significantly attenu- 
ates all other frequencies. The passband of the ideal low-pass filter is shown in the blue- 
shaded area of Figure 15—1(a); the response drops to zero at frequencies beyond the pass- 
band. This ideal response is sometimes referred to as a “brick-wall” because nothing gets 
through beyond the wall. The bandwidth of an ideal low-pass filter is equal to f.. 


BW = f. 


The ideal response shown in Figure 15—1(a) is not attainable by any practical filter. Actual 
filter responses depend on the number of poles, a term used with filters to describe the num- 
ber of RC circuits contained in the filter. The most basic low-pass filter is a simple RC circuit 
consisting of just one resistor and one capacitor; the output is taken across the capacitor as 
shown in Figure 15—1(b). This basic RC filter has a single pole, and it rolls off at 
—20 dB/decade beyond the critical frequency. The actual response is indicated by the blue 
line in Figure 15—1(a). The response is plotted on a standard log plot that is used for filters to 
show details of the curve as the gain drops. Notice that the gain drops off slowly until the fre- 
quency is at the critical frequency; after this, the gain drops rapidly. 

The —20 dB/decade roll-off rate for the gain of a basic RC filter means that at a fre- 
quency of 10f,, the output will be —20 dB (10%) of the input. This roll-off rate is not a par- 
ticularly good filter characteristic because too much of the unwanted frequencies (beyond 
the passband) are allowed through the filter. 
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(a) Comparison of an ideal low-pass filter response (blue area) with actual response. (b) Basic low-pass circuit 


Although not shown on log scale, response extends down to f. = 0. 


Gain (normalized to 1) 
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(c) Idealized low-pass filter responses 


A FIGURE 15-1 


Low-pass filter responses. 


The critical frequency of a low-pass RC filter occurs when Xc = R, where 


1 
fe 27RC 
Recall from your basic dc/ac studies that the output at the critical frequency is 70.7% of the 
input. This response is equivalent to an attenuation of —3 dB. 

Figure 15—1(c) illustrates three idealized low-pass response curves including the basic 
one-pole response (—20 dB/decade). The approximations show a flat response to the cut- 
off frequency and a roll-off at a constant rate after the cutoff frequency. Actual filters do 
not have a perfectly flat response up to the cutoff frequency but drop to —3 dB at this point 
as described previously. 

In order to produce a filter that has a steeper transition region (and hence form a more 
effective filter), it is necessary to add additional circuitry to the basic filter. Responses that 
are steeper than —20 dB/decade in the transition region cannot be obtained by simply cas- 
cading identical RC stages (due to loading effects). However, by combining an op-amp 
with frequency-selective feedback circuits, filters can be designed with roll-off rates of 
—40,—60, or more dB/decade. Filters that include one or more op-amps in the design are 
called active filters. These filters can optimize the roll-off rate or other attribute (such as 
phase response) with a particular filter design. In general, the more poles the filter uses, the 
steeper its transition region will be. The exact response depends on the type of filter and 
the number of poles. 
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High-Pass Filter Response 


A high-pass filter is one that significantly attenuates or rejects all frequencies below f. 
and passes all frequencies above f,.. The critical frequency is, again, the frequency at which 
the output is 70.7% of the input (or —3 dB) as shown in Figure 15—2(a). The ideal re- 
sponse, indicated by the blue-shaded area, has an instantaneous drop at f., which, of 
course, is not achievable. Ideally, the passband of a high-pass filter is all frequencies above 
the critical frequency. The high-frequency response of practical circuits is limited by the 
op-amp or other components that make up the filter. 


Gain (normalized to 1) 
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(a) Comparison of an ideal high-pass filter response (blue area) with actual response 


(b) Basic high-pass circuit 
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(c) Idealized high-pass filter responses 


A FIGURE 15-2 


High-pass filter responses. 


A simple RC circuit consisting of a single resistor and capacitor can be configured as a 
high-pass filter by taking the output across the resistor as shown in Figure 15—2(b). As in 
the case of the low-pass filter, the basic RC circuit has a roll-off rate of —20 dB/decade, as 
indicated by the blue line in Figure 15—2(a). Also, the critical frequency for the basic high- 
pass filter occurs when Xc = R, where 


1 
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Figure 15—2(c) illustrates three idealized high-pass response curves including the basic 
one-pole response (—20 dB/decade) for a high-pass RC circuit. As in the case of the low- 
pass filter, the approximations show a flat response to the cutoff frequency and a roll-off at 


a constant rate after the cutoff frequency. Actual high-pass filters do not have the perfectly 
flat response indicated or the precise roll-off rate shown. Responses that are steeper than 
—20 dB/decade in the transition region are also possible with active high-pass filters; the 
particular response depends on the type of filter and the number of poles. 


Band-Pass Filter Response 


A band-pass filter passes all signals lying within a band between a lower-frequency limit 
and an upper-frequency limit and essentially rejects all other frequencies that are outside 
this specified band. A generalized band-pass response curve is shown in Figure 15—3. The 
bandwidth (BW) is defined as the difference between the upper critical frequency (f-2) and 
the lower critical frequency (f.1). 


BW = Se2 _ Set 


The critical frequencies are, of course, the points at which the response curve is 70.7% of 
its maximum. Recall from Chapter 12 that these critical frequencies are also called 3 dB 
frequencies. The frequency about which the passband is centered is called the center fre- 
quency, fo, defined as the geometric mean of the critical frequencies. 


So = Nv Sei fc2 


Vou (normalized to 1) 


A FIGURE 15-3 


General band-pass response curve. 


Quality Factor The quality factor (Q) of a band-pass filter is the ratio of the center fre- 
quency to the bandwidth. 


p= A 

The value of Q is an indication of the selectivity of a band-pass filter. The higher the 
value of Q, the narrower the bandwidth and the better the selectivity for a given value of fo. 
Band-pass filters are sometimes classified as narrow-band (Q > 10) or wide-band 
(Q < 10). The quality factor (Q) can also be expressed in terms of the damping factor 
(DF) of the filter as 


1 


ODF 


You will study the damping factor in Section 15-2. 
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Equation 15-2 


Equation 15-3 


Equation 15-4 
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EXAMPLE 15-1 


Solution 


Related Problem™ 


A certain band-pass filter has a center frequency of 15 kHz and a bandwidth of | kHz. 
Determine Q and classify the filter as narrow-band or wide-band. 

to 15 kHz 

BW 1kHz | 


Because QO > 10, this is a narrow-band filter. 


If the quality factor of the filter is doubled, what will the bandwidth be? 


“Answers can be found at www.pearsonhighered.com/floyd. 


Band-Stop Filter Response 


Another category of active filter is the band-stop filter, also known as notch, band-reject, 
or band-elimination filter. You can think of the operation as opposite to that of the band- 
pass filter because frequencies within a certain bandwidth are rejected, and frequencies 
outside the bandwidth are passed. A general response curve for a band-stop filter is shown 
in Figure 15—4. Notice that the bandwidth is the band of frequencies between the 3 dB 
points, just as in the case of the band-pass filter response. 


» FIGURE 15-4 Gain (dB) 
A 


General band-stop filter response. 


mines the bandwidth of a low-pass filter? 
the passband of an active high-pass filter? 


Q and the bandwidth of a band-pass filter related? Explain how the 
affected by the Q of a filter. 


15—2 FILTER RESPONSE CHARACTERISTICS 


Each type of filter response (low-pass, high-pass, band-pass, or band-stop) can be 
tailored by circuit component values to have either a Butterworth, Chebyshev, or 
Bessel characteristic. Each of these characteristics is identified by the shape of the 
response curve, and each has an advantage in certain applications. 
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Butterworth, Chebyshev, or Bessel response characteristics can be realized with most 
active filter circuit configurations by proper selection of certain component values. A gen- 
eral comparison of the three response characteristics for a low-pass filter response curve is 
shown in Figure 15—5. High-pass and band-pass filters can also be designed to have any 
one of the characteristics. 


A <@ FIGURE 15-5 


Comparative plots of three types of 
filter response characteristics. 


Butterworth 
Bessel 
Chebyshev 


at 


The Butterworth Characteristic The Butterworth characteristic provides a very flat am- 
plitude response in the passband and a roll-off rate of —20 dB/decade/pole. The phase re- 
sponse is not linear, however, and the phase shift (thus, time delay) of signals passing through 
the filter varies nonlinearly with frequency. Therefore, a pulse applied to a filter with a 
Butterworth response will cause overshoots on the output because each frequency compo- 
nent of the pulse’s rising and falling edges experiences a different time delay. Filters with the 
Butterworth response are normally used when all frequencies in the passband must have the 
same gain. The Butterworth response is often referred to as a maximally flat response. 


The Chebyshev Characteristic Filters with the Chebyshev response characteristic are 
useful when a rapid roll-off is required because it provides a roll-off rate greater than 
—20 dB/decade/pole. This is a greater rate than that of the Butterworth, so filters can be 
implemented with the Chebyshev response with fewer poles and less complex circuitry for 
a given roll-off rate. This type of filter response is characterized by overshoot or ripples in 
the passband (depending on the number of poles) and an even less linear phase response 
than the Butterworth. 
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Equation 15-5 


The Bessel Characteristic The Bessel response exhibits a linear phase characteristic, 
meaning that the phase shift increases linearly with frequency. The result is almost no 
overshoot on the output with a pulse input. For this reason, filters with the Bessel response 
are used for filtering pulse waveforms without distorting the shape of the waveform. 


The Damping Factor 


As mentioned, an active filter can be designed to have either a Butterworth, Chebyshev, or 
Bessel response characteristic regardless of whether it is a low-pass, high-pass, band-pass, 
or band-stop type. The damping factor (DF) of an active filter circuit determines which 
response characteristic the filter exhibits. To explain the basic concept, a generalized active 
filter is shown in Figure 15-6. It includes an amplifier, a negative feedback circuit, and a 
filter section. The amplifier and feedback are connected in a noninverting configuration. 
The damping factor is determined by the negative feedback circuit and is defined by the 
following equation: 


Ri 
DF =2 - — 
R2 
>» FIGURE 15-6 
General diagram of an active filter. Frequency- 
V;, O— 4 selective 
RC circuit Vv 


out 


Amplifier = R, 


ea 


Negative feedback circuit 


Basically, the damping factor affects the filter response by negative feedback action. 
Any attempted increase or decrease in the output voltage is offset by the opposing effect of 
the negative feedback. This tends to make the response curve flat in the passband of the fil- 
ter if the value for the damping factor is precisely set. By advanced mathematics, which we 
will not cover, values for the damping factor have been derived for various orders of filters 
to achieve the maximally flat response of the Butterworth characteristic. 

The value of the damping factor required to produce a desired response characteristic 
depends on the order (number of poles) of the filter. A pole, for our purposes, is simply a 
circuit with one resistor and one capacitor. The more poles a filter has, the faster its roll-off 
rate is. To achieve a second-order Butterworth response, for example, the damping factor 
must be 1.414. To implement this damping factor, the feedback resistor ratio must be 


= 2 —- DF =2 —- 1.414 = 0.586 


This ratio gives the closed-loop gain of the noninverting amplifier portion of the filter, 
A-uNt) & Value of 1.586, derived as follows: 


1 1 Rye Ri oR; 
= a = + 1 = 0.586 + 1 = 1.586 
Bo Ro/(R, + Ro) Ry Ry 


Acunt) = 
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EXAMPLE 15-2 If resistor R> in the feedback circuit of an active single-pole filter of the type in Figure 
15-6 is 10 kQ, what value must Rj be to obtain a maximally flat Butterworth response? 


; R, 
Solution — = 0.586 
Ry 


R, = 0.586R> = 0.586(10 kD.) = 5.86 kO 


Using the nearest standard 5 percent value of 5.6 kQ will get very close to the ideal 
Butterworth response. 


Related Problem What is the damping factor for Ry = 10kQ, and R; = 5.6kQ? 


Critical Frequency and Roll-Off Rate 


The critical frequency is determined by the values of the resistors and capacitors in the 
frequency-selective RC circuit shown in Figure 15-6. For a single-pole (first-order) filter, 
as shown in Figure 15-7, the critical frequency is 


1 

fe 27RC 
Although we show a low-pass configuration, the same formula is used for the f. of a single- 
pole high-pass filter. The number of poles determines the roll-off rate of the filter. A 
Butterworth response produces —20 dB/decade/pole. So, a first-order (one-pole) filter has 
a roll-off of —20 dB/decade; a second-order (two-pole) filter has a roll-off rate of 
—40 dB/decade; a third-order (three-pole) filter has a roll-off rate of —60 dB/decade; and 
so on. 


Single-pole <4 FIGURE 15-7 
low-pass circuit 


First-order (one-pole) low-pass filter. 


out 


Generally, to obtain a filter with three poles or more, one-pole or two-pole filters are 
cascaded, as shown in Figure 15-8. To obtain a third-order filter, for example, cascade 
a second-order and a first-order filter; to obtain a fourth-order filter, cascade two 
second-order filters; and so on. Each filter in a cascaded arrangement is called a stage 
or section. 

Because of its maximally flat response, the Butterworth characteristic is the most 
widely used. Therefore, we will limit our coverage to the Butterworth response to illus- 
trate basic filter concepts. Table 15-1 lists the roll-off rates, damping factors, and feed- 
back resistor ratios for up to sixth-order Butterworth filters. Resistor designations 
correspond to the gain-setting resistors in Figure 15-8 and may be different on other 
circuit diagrams. 
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RC 
circuit 


Vour 


A FIGURE 15-8 


The number of filter poles can be increased by cascading. 


v TABLE 15-1 


Values for the Butterworth response. 


1ST STAGE 2ND STAGE 3RD STAGE 
ROLL-OFF 
DB/DECADE DF POLES DF POLES DF 
1 a0) 1 Optional 
2 —40 2 1.414 0.586 
3 —60 2D 1.00 1 1 1.00 1 
4 —80 2 1.848 0.152 2 0.765 1.235 
5 —100 2 1.00 1 2 1.618 0.382 1 0.618 1.382 
6 = 1120) 2 Is 0.068 2 1.414 0.586 2 0.518 1.482 


2. What determines the response characteristic of a filter? 
3. Name the basic parts of an active filter. 


15-3 Active Low-PAss FILTERS 


Filters that use op-amps as the active element provide several advantages over passive 
filters (R, L, and C elements only). The op-amp provides gain, so the signal is not atten- 
uated as it passes through the filter. The high input impedance of the op-amp prevents 
excessive loading of the driving source, and the low output impedance of the op-amp 
prevents the filter from being affected by the load that it is driving. Active filters are 
also easy to adjust over a wide frequency range without altering the desired response. 


After completing this section, you should be able to 


a Identify and analyze active low-pass filters 
4 Identify a single-pole low-pass filter circuit 
« Determine the closed-loop voltage gain ¢ Determine the critical frequency 
4 Identify a Sallen-Key low-pass filter circuit 
¢ Describe the filter operation ¢ Calculate the critical frequency 
4 Analyze cascaded low-pass filters 
¢ Explain how the roll-off rate is affected 


A Single-Pole Filter 


Figure 15—9(a) shows an active filter with a single low-pass RC frequency-selective circuit 
that provides a roll-off of —20 dB/decade above the critical frequency, as indicated by the 
response curve in Figure 15—9(b). The critical frequency of the single-pole filter is 
J. = W/@7RC). The op-amp in this filter is connected as a noninverting amplifier with the 
closed-loop voltage gain in the passband set by the values of R; and R). 


Acunt) = Rs +1 


Gain (dB) 
One pole 


R 
Vin ° ANA, a0 3 h=$--+---- = 
G Vv. 


a R 
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Equation 15-6 


—20 dB/decade 


(a) (b) 
A FIGURE 15-9 


Single-pole active low-pass filter and response curve. 


The Sallen-Key Low-Pass Filter 


The Sallen-Key is one of the most common configurations for a second-order (two-pole) 
filter. It is also known as a VCVS (voltage-controlled voltage source) filter. A low-pass 
version of the Sallen-Key filter is shown in Figure 15—10. Notice that there are two low- 
pass RC circuits that provide a roll-off of —40 dB/decade above the critical frequency 
(assuming a Butterworth characteristic). One RC circuit consists of R4 and Cy, and the 
second circuit consists of Rg and Cz. A unique feature of the Sallen-Key low-pass filter is 
the capacitor C, that provides feedback for shaping the response near the edge of the 
passband. The critical frequency for the Sallen-Key filter is 


1 


a 
27 R4aRpC,Cpz 


Two-pole low-pass circuit 


out 


Equation 15-7 


<@ FIGURE 15-10 
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Basic Sallen-Key low-pass filter. 
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The component values can be made equal so that Ry, = Rg = Rand Cy = Cz = C. In this 
case, the expression for the critical frequency simplifies to 


1 
Te 277RC 

As in the single-pole filter, the op-amp in the second-order Sallen-Key filter acts as a 
noninverting amplifier with the negative feedback provided by resistors R, and R2. As you 
have learned, the damping factor is set by the values of R, and Ro, thus making the filter re- 
sponse either Butterworth, Chebyshev, or Bessel. For example, from Table 15-1, the R,/R> 
ratio must be 0.586 to produce the damping factor of 1.414 required for a second-order 
Butterworth response. 


EXAMPLE 15-3 


» FIGURE 15-11 


Solution 


Related Problem 


it Open the Multisim file E15-03 in the Examples folder on the companion website. 


Determine the critical frequency of the Sallen-Key low-pass filter in Figure 15—11, and 
set the value of R, for an approximate Butterworth response. 


Cy 
loo F 
Ry | Rp . 
Vin OW MW 
1.0k0 1.0kQ {Ce 
Viewer 
0.022 uF 
a SR, 
Ry 
1.0kO 


Since Ra = Rg = R = 1.0kQ and Cy = Cz = C = 0.022 uF, 


1 1 
ARC 2a (1.0k0)(0.022 pF) 


te = 7.23 kHz 


For a Butterworth response, R)/Ry = 0.586. 


R, = 0.586Rz = 0.586(1.0kQ) = 586 0 


Select a standard value as near as possible to this calculated value. 


Determine f.. for Figure 15-11 if Rg = Rp = Ro = 2.2kO and Cy = Cz = 0.01 pF. 
Also determine the value of R; for a Butterworth response. 


Determine the critical frequency and compare with the calculated value. 


Cascaded Low-Pass Filters 


A three-pole filter is required to get a third-order low-pass response (—60 dB/decade). 
This is done by cascading a two-pole Sallen-Key low-pass filter and a single-pole 
low-pass filter, as shown in Figure 15—12(a). Figure 15—12(b) shows a four-pole config- 
uration obtained by cascading two Sallen-Key (2-pole) low-pass filters. In general, a 
four-pole filter is preferred because it uses the same number of op-amps to achieve a 
faster roll-off. 
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Ca <4 FIGURE 15-12 


Cascaded low-pass filters. 


(a) Third-order configuration 


i 
aa Ceo 
a : 
2 poles i 
(b) Fourth-order configuration 7 
EXAMPLE 15-4 For the four-pole filter in Figure 15—12(b), determine the capacitance values required to 


produce a critical frequency of 2680 Hz if all the resistors in the RC low-pass circuits 
are 1.8kQ.. Also select values for the feedback resistors to get a Butterworth response. 


Solution Both stages must have the same f,. Assuming equal-value capacitors, 
1 
~ 2nRC 
Ce a 1 
27Rf- 2771.8 kO.)(2680 Hz) 
Cay = Car = Can = Cp = 0.033 pF 


Also select Ry = R4 = 1.8kQ for simplicity. Refer to Table 15-1. For a 
Butterworth response in the first stage, DF = 1.848 and R,/Ry = 0.152. Therefore, 


R, = 0.152R, = 0.152(1800 0) = 2740 


Choose Ry = 2700. 
In the second stage, DF = 0.765 and R3/R4 = 1.235. Therefore, 


R3 = 1.235R4 = 1.235(1800 QO) = 2.22k0, 
Choose R3 = 2.2kQ. 


te 


= 0.033 uF 


Related Problem For the filter in Figure 15—12(b), determine the capacitance values for f, = 1 kHz if 
all the filter resistors are 680 ©. Also specify the values for the feedback resistors to 
produce a Butterworth response. 
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poles does a second-order low-pass filter have? How many resistors and 
capacitors are used in the frequency-selective circuit? 


nping factor of a filter important? 
srimary purpose of cascading low-pass filters? 


15-4 AcTIVE HIGH-PASS FILTERS 


In high-pass filters, the roles of the capacitor and resistor are reversed in the RC circuits. 
Otherwise, the basic parameters are the same as for the low-pass filters. 


After completing this section, you should be able to 


4 Identify and analyze active high-pass filters 
Q Identif le- i ter Ci 


y a single-po 


filter circ 


A Single-Pole Filter 


A high-pass active filter with a —20 dB/decade roll-off is shown in Figure 15—13(a). 
Notice that the input circuit is a single high-pass RC circuit. The negative feedback circuit 
is the same as for the low-pass filters previously discussed. The high-pass response curve 
is shown in Figure 15—13(b). 


A FIGURE 15-13 


Single-pole active high-pass filter and response curve. 


Ideally, a high-pass filter passes all frequencies above f. without limit, as indicated in 
Figure 15—14(a), although in practice, this is not the case. As you have learned, all op-amps 
inherently have internal RC circuits that limit the amplifier’s response at high frequencies. 
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(b) Nonideal 


A FIGURE 15-14 


High-pass filter response. 


Therefore, there is an upper-frequency limit on the high-pass filter’s response which, in 
effect, makes it a band-pass filter with a very wide bandwidth. In the majority of applica- 
tions, the internal high-frequency limitation is so much greater than that of the filter’s 
critical frequency that the limitation can be neglected. In some applications, discrete tran- 
sistors are used for the gain element to increase the high-frequency limitation beyond that 
realizable with available op-amps. 


The Sallen-Key High-Pass Filter 


A high-pass Sallen-Key configuration is shown in Figure 15-15. The components 
R4, C4, Rp, and Cg form the two-pole frequency-selective circuit. Notice that the positions 
of the resistors and capacitors in the frequency-selective circuit are opposite to those in the 
low-pass configuration. As with the other filters, the response characteristic can be opti- 
mized by proper selection of the feedback resistors, R; and R). 


Two-pole high-pass circuit <@ FIGURE 15-15 


Basic Sallen-Key high-pass filter. 


out 
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EXAMPLE 15-5 Choose values for the Sallen-Key high-pass filter in Figure 15-15 to implement an 
equal-value second-order Butterworth response with a critical frequency of approxi- 
mately 10 kHz. 


Solution Start by selecting a value for R4 and Rp (R, or R2 can also be the same value as Ry and 
R; for simplicity). 


R = Ry = Rg = Ry = 3.3K (an arbitrary selection) 


Next, calculate the capacitance value from f. = 1/(27RC). 


1 1 


C=C, =Cz= = 
A 3 ORF, 20(3.3kO)(10 kHz) 


= 0.0048 wF 


For a Butterworth response, the damping factor must be 1.414 and R;/R> = 0.586. 
Ry = 0.586R2 = 0.586(3.3 kQ) = 1.93k0, 
If you had chosen R; = 3.3 kQ, then 


Ry Bk) 
0.586 0.586 


R> = 5.63 kO 
Either way, an approximate Butterworth response is realized by choosing the nearest 
standard values. 


Related Problem Select values for all the components in the high-pass filter of Figure 15-15 to obtain 
an f. = 300 Hz. Use equal-value components with R = 10kQ, and optimize for a 
Butterworth response. 


Cascading High-Pass Filters 


As with the low-pass configuration, first- and second-order high-pass filters can be cas- 
caded to provide three or more poles and thereby create faster roll-off rates. Figure 15—16 
shows a six-pole high-pass filter consisting of three Sallen-Key two-pole stages. With this 
configuration optimized for a Butterworth response, a roll-off of —120 dB/decade is 
achieved. 


Ry 
Cat 
Vis o 
C43 Cz3 

R; Rp3 Vout 
a 

Ry 
S% 


A FIGURE 15-16 


Sixth-order high-pass filter. 
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ralues? 


resulting roll-off? 


high-pass Sallen-Key filter differ from the low-pass configuration? 
the critical frequency of a high-pass filter, would you increase or decrease 


-pole high-pass filters and one single-pole high-pass filter are cascaded, 


15-5 AcTIVE BAND-PASS FILTERS 


As mentioned, band-pass filters pass all frequencies bounded by a lower-frequency 
limit and an upper-frequency limit and reject all others lying outside this specified 
band. A band-pass response can be thought of as the overlapping of a low-frequency 
response curve and a high-frequency response curve. 


After completing this section, you should be able to 


4 Analyze basic types of active band-pass filters 

4 Describe how to cascade low-pass and high-pass filters to create a band-pass filter 
¢ Calculate the critical frequencies and the center frequency 

4 Identify and analyze a multiple-feedback band-pass filter 
¢ Determine the center frequency, quality factor (Q), and bandwidth ¢ Calculate 
the voltage gain 

4 Identify and describe the state-variable filter 
¢ Explain the basic filter operation Determine the Q 

4 Identify and discuss the biquad filter 


Cascaded Low-Pass and High-Pass Filters 


One way to implement a band-pass filter is a cascaded arrangement of a high-pass filter 
and a low-pass filter, as shown in Figure 15—17(a), as long as the critical frequencies are 
sufficiently separated. Each of the filters shown is a Sallen-Key Butterworth configuration 
so that the roll-off rates are —40 dB/decade, indicated in the composite response curve of 
Figure 15—17(b). The critical frequency of each filter is chosen so that the response curves 
overlap sufficiently, as indicated. The critical frequency of the high-pass filter must be suf- 
ficiently lower than that of the low-pass stage. This filter is generally limited to wide band- 
width applications. 

The lower frequency f.; of the passband is the critical frequency of the high-pass fil- 
ter. The upper frequency f,2 is the critical frequency of the low-pass filter. Ideally, as dis- 
cussed earlier, the center frequency fo of the passband is the geometric mean of 
fc.) and f.2. The following formulas express the three frequencies of the band-pass filter in 
Figure 15-17. 


1 
fer = Waeteaee 
277 V Rai RpiCaiCpi 
1 
fe = a eee 
27 V RarkpoCa2Cp2 
fo = Vie fe2 


Of course, if equal-value components are used in implementing each filter, the critical fre- 
quency equations simplify to the form f. = 1/(27RC). 
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> FIGURE 15-17 


Band-pass filter formed by cascading 
a two-pole high-pass and a two-pole 
low-pass filter (it does not matter in 
which order the filters are cascaded). 


out 


Two-pole high-pass 


(a) 


Low-pass response High-pass response 


-3 dB ----------—--— (ee ie 


fi fo fi 


(b) 


Multiple-Feedback Band-Pass Filter 


Another type of filter configuration, shown in Figure 15-18, is a multiple-feedback band- 
pass filter. The two feedback paths are through R» and C;. Components R, and C) provide 
the low-pass response, and Ry and C} provide the high-pass response. The maximum gain, 
Ag, occurs at the center frequency. Q values of less than 10 are typical in this type of filter. 


» FIGURE 15-18 C 
Multiple-feedback band-pass filter. | 
Ry 


out 


An expression for the center frequency is developed as follows, recognizing that R; and R3 
appear in parallel as viewed from the C, feedback path (with the V;,, source replaced by a short). 


1 


2 V (R, || R3)RoCi Cr 
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Making C, = Cy = Cyields 
1 1 


I — 
© VR RRC 2CV(Ri | R9)Ro 


1 | 1 1 1 1 
tC RR, | R3) 7 a ae + =) 


_ 1 [RL +R; 
~ 2aCV RyR2R3 


fo 


A value for the capacitors is chosen and then the three resistor values are calculated to 
achieve the desired values for fy, BW, and Ap. As you know, the Q can be determined from 
the relation Q = fo/BW. The resistor values can be found using the following formulas 
(stated without derivation): 


oe 
2T1foCAo 

a= 2. 
ToC 

R3 = g 


2afoC(2O* — Ap) 
To develop a gain expression, solve for Q in the R, and R2 formulas as follows: 


Q = 27foAoCk, 


Q = TfoCR2 
Then, 
2mfyAgCR, = mfyCR 
Cancelling yields 
2A0R, = Ro 
R 
Ap = oH 


In order for the denominator of the equation R; = Q/ [2rfyC(207 — Ag)] to be positive, 
Ao < 207, which imposes a limitation on the gain. 


Equation 15-8 


Equation 15-9 


5 
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EXAMPLE 15-6 Determine the center frequency, maximum gain, and bandwidth for the filter in 


Figure 15-19. 


® FIGURE 15-19 


C 


| ol LF 


Ry 
¥. 


in 


68 kO 


out 
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Solution 


Related Problem 


it Open the Multisim file E15-06 in the Examples folder on the companion website. 


If Ro in Figure 15-19 is increased to 330 kQ, determine the gain, center frequency, 


en RNGETR: 1 68kQ + 2.7kO 
fy = = = 736 Hz 
2mC\V RRR; 27(0.01 pFYV (68 kO)(180 kQ)(2.7 kD) 


R, 180k. 


Ao = = = 1,32 
0 2R1  2(68kQ) q 
O = mfyCRy = 7(736 Hz)(0.01 wF)(180 kQ) = 4.16 
to 736 Hz 
Bw=2= =177H 
eas 416 ‘ 


and bandwidth of the filter? 


Measure the center frequency and the bandwidth and compare to the calculated values. 


» FIGURE 15-20 


State-variable filter. 


State-Variable Filter 


The state-variable or universal active filter is widely used for band-pass applications. As 
shown in Figure 15-20, it consists of a summing amplifier and two op-amp integrators 
(which act as single-pole low-pass filters) that are combined in a cascaded arrangement to 
form a second-order filter. Although used primarily as a band-pass (BP) filter, the state- 
variable configuration also provides low-pass (LP) and high-pass (HP) outputs. The center 
frequency is set by the RC circuits in both integrators. When used as a band-pass filter, the 
critical frequencies of the integrators are usually made equal, thus setting the center fre- 
quency of the passband. 


out(HP) 0 Vowt(BP) 
C Cy 


|— 


Ve 


Summing amplifier © Vout(LP) 


Rs 


=" Integrator 


‘= Integrator 


=a 


Basic Operation At input frequencies below f,, the input signal passes through the sum- 
ming amplifier and integrators and is fed back 180° out of phase. Thus, the feedback signal 
and input signal cancel for all frequencies below approximately f,. As the low-pass response 
of the integrators rolls off, the feedback signal diminishes, thus allowing the input to pass 
through to the band-pass output. Above f, the low-pass response disappears, thus preventing 
the input signal from passing through the integrators. As a result, the band-pass filter output 
peaks sharply at f., as indicated in Figure 15—21. Stable Qs up to 100 can be obtained with 
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Gain 
A 


Passband 


High-pass 


te =fo 


A FIGURE 15-21 
General state-variable response curves. 


this type of filter. The Q is set by the feedback resistors Rs and Rg according to the follow- 
ing equation: 


The state-variable filter cannot be optimized for low-pass, high-pass, and narrow band- 
pass performance simultaneously for this reason: To optimize for a low-pass or a high-pass 
Butterworth response, DF must equal 1.414. Since Q = 1/DF, a Q of 0.707 will result. 
Such a low Q provides a very wide band-pass response (large BW and poor selectivity). For 
optimization as a narrow band-pass filter, the Q must be set high. 


equency, Q, and BW for the passband of the state-variable filter 


out(HP) out(BP) 


C 


0.022 uF 


Vour(LP) 
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Solution For each integrator, 


1 i 1 
~ QmRyCy -2ARICy ~——-27(1.0kO.)(0.022 uF) 


Sc = 7.23 kHz 


The center frequency is approximately equal to the critical frequencies of the 
integrators. 


fo = f. = 7.23 kHz 


MR: 1/ 100k 
= +1)= +1) = 33.7 
2 (# ) (ae ) ay 
fo 7.23 kHz 


Be = = 215 Hi 
O aul § 


Related Problem Determine fo, Q, and BW for the filter in Figure 15-22 if Ry = Re = R7 = 3300 
with all other component values the same as shown on the schematic. 


Open the Multisim file E15-07 in the Examples folder on the companion website. 
Measure the center frequency and the bandwidth and compare to the calculated values. 


» FIGURE 15-23 


The Biquad Filter 


The biquad filter is similar to the state-variable filter except that it consists of an integrator, fol- 
lowed by an inverting amplifier, and then another integrator, as shown in Figure 15-23. These 
differences in the configuration between a biquad and a state-variable filter result in some op- 
erational differences although both allow a very high Q value. In a biquad filter, the bandwidth 
is independent and the Q is dependent on the critical frequency; however, in the state-variable 
filter it is just the opposite: the bandwidth is dependent and the Q is independent on the criti- 
cal frequency. Also, the biquad filter provides only band-pass and low-pass outputs. 


Rs 


A biquad filter. 


Vin 


=" Integrator 


= Inverting 
amplifier 


=" Integrator 


determines selectivity in a band-pass filter? 

has a Q = 5 and another has a Q = 25. Which has the narrower bandwidth? 
‘ive elements that make up a state-variable filter. 

active elements that make up a biquad filter. 
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15-6 AcTIVE BAND-STOP FILTERS 


Band-stop filters reject a specified band of frequencies and pass all others. The 
response is opposite to that of a band-pass filter. Band-stop filters are sometimes 
referred to as notch filters. 


After completing this section, you should be able to 


Multiple-Feedback Band-Stop Filter 


Figure 15-24 shows a multiple-feedback band-stop filter. Notice that this configuration is 
similar to the band-pass version in Figure 15—18 except that R3 has been moved and Ry has 
been added. 


<@ FIGURE 15-24 
Multiple-feedback band-stop filter. 


Lee 


out 


State-Variable Band-Stop Filter 


Summing the low-pass and the high-pass responses of the state-variable filter covered in 
Section 15—5 with a summing amplifier creates a band-stop filter, as shown in Figure 15—25. 
One important application of this filter is minimizing the 60 Hz “hum” in audio systems by 
setting the center frequency to 60 Hz. 


State-variable 
m filte: r 


Band-stop 
output 


A FIGURE 15-25 


State-variable band-stop filter. 
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EXAMPLE 15-8 Verify that the band-stop filter in Figure 15—26 has a center frequency of 60 Hz, and 
optimize the filter for a Q of 10. 


Vous 


A FIGURE 15-26 


Solution fo equals the f, of the integrator stages. (In practice, component values are critical.) 


1 il 1 


- = = = 60 Hz 
QmR4C;  2R7Cy 2712 k.)(0.22 LF) 


fo 


You can obtain a Q = 10 by choosing R¢ and then calculating Rs. 
1/R; 
O= =| + il 
BRE 
ns = (30 — 1)Re 
Choose Re = 3.3kQ. Then 
Rs = [3010) — 1]3.3kQ = 95.7kO 
Use the nearest standard value of 100k. 


Related Problem How would you change the center frequency to 120 Hz in Figure 15-26? 


Open the Multisim file E15-08 in the Examples folder on the companion website 
and verify that the center frequency is approximately 60 Hz. 


1. How does a band-stop response differ from a band-pass response? 
2. How isa state-variable band-pass filter converted to a band-stop filter? 


FILTER RESPONSE MEASUREMENTS 


15-7 FILTER RESPONSE MEASUREMENTS 


Two methods of determining a filter’s response by measurement are discrete point 
measurement and swept frequency measurement. 


After completing this section, you should be able to 


Discuss two methods for measuring frequency response 

Explain discrete-point measurement 

¢ List the steps in the procedure ¢ Show a test setup 

Explain swept frequency measurement 

« Show a test setup for this method using a spectrum analyzer ¢ Show a test 
setup for this method using an oscilloscope 


Discrete Point Measurement 


Figure 15—27 shows an arrangement for taking filter output voltage measurements at dis- 
crete values of input frequency using common laboratory instruments. The general proce- 
dure is as follows: 


1. 
2. 


If the 
scope 


Set the amplitude of the sine wave generator to a desired voltage level. 


Set the frequency of the sine wave generator to a value well below the expected 
critical frequency of the filter under test. For a low-pass filter, set the frequency as 
near as possible to 0 Hz. For a band-pass filter, set the frequency well below the ex- 
pected lower critical frequency. 


Increase the frequency in predetermined steps sufficient to allow enough data 
points for an accurate response curve. 


Maintain a constant input voltage amplitude while varying the frequency. 
Record the output voltage at each value of frequency. 


After recording a sufficient number of points, plot a graph of output voltage versus 
frequency. 


frequencies to be measured exceed the frequency response of the DMM, an oscillo- 
may have to be used instead. 


Input <4 FIGURE 15-27 


Test setup for discrete point meas- 
urement of the filter response. 


en (| (Readings are arbitrary and for 
Sine wave display only.) 
generator 


i 


Swept Frequency Measurement 


The s 


wept frequency method requires more elaborate test equipment than does the 


discrete point method, but it is much more efficient and can result in a more accurate re- 
sponse curve. A general test setup is shown in Figure 15—28(a) using a swept frequency 


° 
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Spectrum analyzer 


Fil 
Sweep 
generator 
| = OQ © 
Vin - ql Vous 
Filter - 
(a) Test setup for a filter response using a spectrum analyzer 


Oscilloscope 


Sweep 
generator 


Sawtooth 
output 


(b) Test setup for a filter response using an oscilloscope. The scope is placed in X-Y mode. The sawtooth waveform 
from the sweep generator drives the X-channel of the oscilloscope. 


A FIGURE 15-28 


Test setup for swept frequency measurement of the filter response. 


generator and a spectrum analyzer. Figure 15—28(b) shows how the test can be made 
with an oscilloscope. 

The swept frequency generator produces a constant amplitude output signal whose fre- 
quency increases linearly between two preset limits, as indicated in Figure 15-28. The 
spectrum analyzer is essentially an elaborate oscilloscope that can be calibrated for a de- 
sired frequency span/division rather than for the usual time/division setting. Therefore, as 
the input frequency to the filter sweeps through a preselected range, the response curve is 
traced out on the screen of the spectrum analyzer or an oscilloscope. 


he purpose of the two tests discussed in this section? 


ne disadvantage and one advantage of each test method. 


APPLICATION ACTIVITY ® 789 


Application Activity: RFID System 


RFID (radio frequency identification) is a technology that enables the tracking and/or 
identification of objects. Typically, an RFID system contains an RFID tag that consists of 
an IC chip that transmits data about the object, an RFID reader that receives transmitted 
data from the tag, and a data-processing system that processes and stores the data passed 
to it by the reader. A basic block diagram is shown in Figure 15-29. 


RFID tag ) RFID reader HHNHIEILI})>- Data 
processor 


A FIGURE 15-29 


Basic block diagram of an RFID system. 


The RFID Tag 


RFID tags are tiny, very thin microchips with memory and a coil antenna. The tags listen 
for a radio signal sent by an RFID reader. When a tag receives a signal, it responds by 
transmitting its unique ID code and other data back to the reader. 


Passive RFID Tag This type of tag does not require batteries. The tag is inactive until 
powered by the energy from the electromagnetic field of an RFID reader. Passive tags can 
be read from distances up to about 20 feet and are generally read-only, meaning the data 
they contain cannot be altered or written over. 


Active RFID Tag This type of tag is powered by a battery and is capable of communi- 
cating up to 100 feet or more from the RFID reader. Generally, the active tag is larger and 
more expensive than a passive tag, but can hold more data about the product and is com- 
monly used for identification of high-value assets. Active tags may be read-write, mean- 
ing the data they contain can be written over. 

Tags are available in a variety of shapes. Depending on the application, they may be 
embedded in glass or epoxy, or they may be in label or card form. Another type of tag, 
often called the smart label, is a paper (or similar material) label with printing, but also 
with the RF circuitry and antenna embedded in it. 

Some advantages of RFID tags compared to bar codes are 


Non-line-of-sight identification 

More information can be stored 

Coverage at greater distances 

Unattended operations are possible 

Ability to identify moving objects that have tags embedded 
Can be used in diverse environments 


¢¢ ¢—6UHm™hU Hh 6% 


Disadvantages of RFID tags are that they are expensive compared to the bar code and 
they are bulkier because the electronics is embedded in the tag. 

RFID tags and readers must be tuned to the same frequency to communicate. RFID sys- 
tems use many different frequencies, but generally the most common are low frequency 
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Digital modulating 


signal 


ASK 


FSK 


(125 kHz), high frequency (13.56 MHz), and ultra-high frequency, or UHF (850-900 MHz). 
Microwave (2.45 GHz) is also used in some applications. The frequency used depends on 
the particular type of application. 

Low-frequency systems are the least expensive and have the shortest range. They are 
most commonly used in security access, asset tracking, and animal identification applica- 
tions. High-frequency systems are used for applications such as railroad car tracking and 
automated toll collection. 

Some typical RFID application areas are 


¢ Metering applications such as electronic toll collection 

¢ Inventory control and tracking such as merchandise control 
¢ Asset tracking and recovery 

¢ Tracking parts moving through a manufacturing process 

¢ Tracking goods in a supply chain 


The RFID Reader 


Data is stored on the RFID tag in digital form and is transmitted to the reader as a modu- 
lated signal. Many RFID systems use ASK (amplitude shift keying) or FSK (frequency 
shift keying). In ASK, the amplitude of a carrier signal is varied by the digital data. In 
FSK, the frequency of a carrier signal is varied by the digital data. Examples of these 
forms of modulation are shown Figure 15-30. In this system, the carrier is 125 kHz, and 
the modulating signal is a digital waveform at the rate of 10 kHz, representing a stream of 
1s and Os. 


FIGURE 15-30 
Examples of ASK and FSK modulation transmitted by an RFID tag. 


Project 


Your company is developing a new RFID reader using ASK modulation at a carrier fre- 
quency of 125 kHz. A block diagram is shown in Figure 15-31. The purpose of each 
block is as follows. The band-pass filter passes the 125 kHz signal and reduces signals 
and noise from other sources; the 2-stage amplifier increases the very small signal from 
the tag to a usable level; the rectifier eliminates the negative portions of the modulated 
signal; the low-pass filter eliminates the 125 kHz carrier frequency but passes the 10 kHz 


\ y 
ASK signal 125 kHz a | 


from RFID tag band-pass 


filter 
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———y yy rc_c_tC 
2-stage _—_—— Half-wave ___— Low-pass _— Comparator ___ Digital data to 
amplifier rectifier filter processor 
f= 22 kHz 


Block diagram of RFID reader. 


modulating signal; and the comparator restores the digital signal to a usable stream of 
digital data. 

1. In general, what are RFID systems used for? 

2. Name the three basic components of an RFID system. 

3. Explain the purpose of an RFID tag. 

4. Explain the purpose of an RFID reader. 


Simulation 


The RFID reader is simulated with Multisim using an input signal of 1 mV at 125 kHz to 
represent the output of the RFID tag. For purposes of simulation, the 125 kHz carrier is 
modulated with a 10 kHz sine wave although the actual modulating signal will be a pulse 
waveform containing digital data. In Multisim it is difficult to produce a sinusoidal carrier 
signal modulated with a pulse signal, so the sinusoidal modulating signal serves to verify 
system operation. The simulated circuit is shown in Figure 15-32. The band-pass filter is 
U1, the amplifier stages are U2 and U3, the half-wave rectifier is D1, the low-pass filter is 
U4, and the comparator is US. Datasheets for the OP27AH op-amp and the LM111H 
comparator are available at www.analog.com. 


Multisim circuit screen for the RFID reader. 
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<< Bode Plotter-XBP1 


124.707 kHz 2.559 dB 


(a) Band-pass response 


The frequency responses of the band-pass filter and the low-pass filter are shown on the 
Bode plotters in Figure 15-33. As you can see, the peak response of the band-pass filter is ap- 
proximately 125 kHz and the critical frequency of the low-pass filter is approximately 16 kHz. 


<~ Bode Plotter-XBP1 

Mode 

[Wegnitude Phase 
Horizontal Vertical 
[Too Lin [tog Lin 
10) —SfkHe | F[s | 4B 


Controls 


Mode 
[Magnitude Phase 
Horizontal Vertical 
[tog un |} [tog tin 
ac [MHe | F [5 | 4B 
[ro fene | Fa a 


Controls 


Reverse | Save 


Reverse | Save 


+@ in @- 15.716 kHz 0.804 dB +O in Ge 


(b) Low-pass response 


»” FIGURE 15-33 
Bode plots for the RFID reader filters. 


5. What is the purpose of the band-pass filter in the RFID reader? 
6. What is the purpose of the low-pass filter in the RFID reader? 
7. Calculate the gain of each amplifier in the reader in Figure 15-32. 
8. Use the formula for a multiple-feedback band-pass filter to verify the center fre- 
quency of the band-pass filter in the reader. 
9. What type of response characteristic is the low-pass filter set up for? 
10. Calculate the critical frequency of the low-pass filter and compare to the meas- 
ured value. 
11. Calculate the reference voltage for the comparator and explain why a reference 
above ground is necessary. 


Measurements at points on the reader circuit are shown on the oscilloscope in Figure 
15-34. The top waveform is the modulated carrier at the output of amplifier U3. The second 
waveform is the output of the rectifier D1. The third waveform is the output of the low-pass 
filter (notice that the carrier frequency has been removed by the filter). The bottom wave- 
form is the output of the comparator and represents the digital data sent to the processor. 


<>» Simulated Tektronix Oscilloscope-XSC1 


Tektronix 1S 2024 RATAN 


FIGURE 15-34 


RFID reader waveforms. 
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Simulate the RFID reader circuit using your Multisim software. Observe the 
operation with the oscilloscope and Bode plotter. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 

Lab Experiment 


To build and test a low-pass filter similar to one used in the RFID reader, go to Ex- 
periment 15—A in your lab manual (Laboratory Exercises for Electronic Devices by 
David Buchla and Steven Wetterling). 


a 


Circuit Board 


The RFID reader circuit is implemented on a printed circuit board as shown in Figure 
15-35. The dark gray lines represent backside traces. 


RFID reader board. 


12. Check the printed circuit board and verify that it agrees with the simulation 
schematic in Figure 15-32. 
13. Label each input and output pin according to function. 
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The material you have learned in this chapter is necessary to give you a basic understanding of active 
filters. However, filter design can be quite complex mathematically. To avoid tedious calculations and 
trial-and-error breadboarding, the preferred method for development of many filters is to use com- 
puter software and then download the design to a programmable analog array. AnadigmDesigner2 
software is used in this section to illustrate the ease with which active filters can be developed and 
implemented in hardware. If you have checked out the optional Programmable Analog Technology 
feature, which appeared first in Chapter 12, you are aware that this software is available and can be 
downloaded free from www.anadigm.com. You can easily implement a filter design in an FPAA or 
dpASP chip if you have an evaluation board and interface cable connected to your computer. 


Filter Specification 

Once you have downloaded the AnadigmDesigner2 software, the first thing you see when opening 
it is an outline representation of the blank FPAA chip, as shown in Figure 15-36. Under the Tools 
menu, select AnadigmFilter, as shown, and you will get the screen shown in Figure 15-37. 


EA untitled - AnadigmDesigner2 


File Edit Simulate Configure Settings Dynamic Config. Target View Tools Help 
Dal & & » No of Siw. | “S| & RP AnadiomFiter 


AnadigmP ID 


A FIGURE 15-36 


FPAA chip outline screen showing AnadigmfFilter selection. 


You are now ready to specify a filter. For example, select a filter type and approximation and 
enter the desired parameters, as shown in Figure 15-38, for a band-pass Butterworth filter. Note 
that you can use your mouse to drag the limits, shown in red and blue on the screen, to set the 
desired response. 

When the filter has been completely specified, click on “To AnadigmDesigner2” and the filter 
components will be placed in the FPAA chip screen, as shown in Figure 15—39(a). Notice that the 
filter consists of three stages, in this case. Now use the connection tool to connect the filter to an 
input and output, as shown in part (b). 


® FIGURE 15-37 


Filter default screen. 
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Filter description 
is shown here 


Parameters 
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By attaching actual signal generators and oscilloscope probes to the board, you can verify that 
the downloaded circuit is behaving just as the simulator indicated it would. Note that an FPAA or 
dpASP is reprogrammable so you can make circuit changes, download, and test indefinitely. 


Implement the RFID reader circuit using AnadigmDesigner2 software. 
; Figure 15—40 shows a version of the circuit implemented in FPAA1. Because of limi- 
tations on implementing the ASK input signal, modifications have been made. Since the input cell 


2 Ix 
File Edit Simulate Configure Settings Dynamic Config. Target View Tools Help 


OSU Swe X Vim Sew 


Addrl:2 = Addr2: 255 AN220E)4 LOAD ORDER: 2 
op, 


For Help, Press F1 NUM 


A 2E 15-40 


Design screen showing the RFID reader in FPAA1 and an ASK generator representing the RFID tag in 
FPAA2. 
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contains an amplifier with gain, the amplifier in the RFID reader circuit has less gain than if a 1 mV 
ASK signal were available. Also, the rectifier and low-pass filter are combined in one CAM. 
FPAA2 is used as a signal source to replicate a 125 kHz carrier modulated with a 10 kHz square 
wave. This chip is for test purposes only and is not part of the RFID reader. 


Analysis: The simulation of the RFID reader is shown in Figure 15-41. The top waveform is the 
output of the 125 kHz band-pass filter CAM and is an ASK input signal representing a digital 1 fol- 
lowed by a 0. The second waveform is the output of the inverting gain stage CAM with a unity 
gain. The third waveform is the output of the half-wave rectifier/low-pass filter CAM. The bottom 
output is the digital signal from the comparator. 
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Start: 0.000us | } {_ srid 


A FIGURE 15-41 


Simulation waveforms for the RFID reader. 


Programming Exercises 
1. Why is a software program the best way to specify and implement active filters? 
2. List the filter types available in the AnadigmFilter software. 
3. List the filter approximations available in the AnadigmFilter software. 


PAM Experiment 


we 


To program, download, and test a circuit using AnadigmDesigner2 software and the programmable 


analog module (PAM) board, go to Experiment 15—B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steven Wetterling. 


SUMMARY 


Section 15-1 © In filter terminology, a single RC circuit is called a pole. 
® The bandwidth in a low-pass filter equals the critical frequency because the response extends 
to 0 Hz. 
® The passband of a high-pass filter extends above the critical frequency and is limited only by the 
inherent frequency limitation of the active circuit. 


798 ¢ AcTIvE FILTERS 


KEY TERMS 


Section 15-2 


Section 15-3 


Section 15-4 


Section 15-5 


Section 15-6 


Section 15-7 
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A band-pass filter passes all frequencies within a band between a lower and an upper critical fre- 
quency and rejects all others outside this band. 


The bandwidth of a band-pass filter is the difference between the upper critical frequency and 
the lower critical frequency. 


The quality factor Q of a band-pass filter determines the filter’s selectivity. The higher the Q, the 
narrower the bandwidth and the better the selectivity. 


A band-stop filter rejects all frequencies within a specified band and passes all those outside this 
band. 


Filters with the Butterworth response characteristic have a very flat response in the passband, 
exhibit a roll-off of —20 dB/decade/pole, and are used when all the frequencies in the passband 
must have the same gain. 


Filters with the Chebyshev characteristic have ripples or overshoot in the passband and exhibit a 
faster roll-off per pole than filters with the Butterworth characteristic. 


Filters with the Bessel characteristic are used for filtering pulse waveforms. Their linear phase 
characteristic results in minimal waveshape distortion. The roll-off rate per pole is slower than 
for the Butterworth. 


Each pole in a Butterworth filter causes the output to roll off at a rate of —20 dB/decade. 


The damping factor determines the filter response characteristic (Butterworth, Chebyshev, or 
Bessel). 


Single-pole low-pass filters have a —20 dB/decade roll-off. 

The Sallen-Key low-pass filter has two poles (second order) and has a —40 dB/decade roll-off. 
Each additional filter in a cascaded arrangement adds —20 GB to the roll-off rate. 

Single-pole high-pass filters have a —20 dB/decade roll-off. 

The Sallen-Key high-pass filter has two poles (second order) and has a —40 dB/deacde roll-off. 
Each additional filter in a cascaded arrangement adds —20 GB to the roll-off rate. 

The response of an active high-pass filter is limited by the internal op-amp roll-off. 

Band-pass filters pass a specified band of frequencies. 

A band-pass filter can be achieved by cascading a low-pass and a high-pass filter. 


The multiple-feedback band-pass filter uses two feedback paths to achieve its response 
characteristic. 


The state-variable band-pass filter uses a summing amplifier and two integrators. 


The biquad filter consists of an integrator followed by an inverting amplifier and a second 
integrator. 


Band-stop filters reject a specified band of frequencies. 
Multiple-feedback and state-variable are common types of band-stop filters. 


Filter response can be measured using discrete point measurement or swept frequency 
measurement. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Band-pass filter A type of filter that passes a range of frequencies lying between a certain lower 
frequency and a certain higher frequency. 


Band-stop filter A type of filter that blocks or rejects a range of frequencies lying between a cer- 
tain lower frequency and a certain higher frequency. 


Damping factor A filter characteristic that determines the type of response. 


Filter A circuit that passes certain frequencies and attenuates or rejects all other frequencies. 


High-pass filter A type of filter that passes frequencies above a certain frequency while rejecting 
lower frequencies. 


Low-pass filter A type of filter that passes frequencies below a certain frequency while rejecting 
higher frequencies. 


_KEY FORMULAS 


-TRUE/FALSE QUIZ 


True/FALsE Quiz * 799 


Pole A circuit containing one resistor and one capacitor that contributes — 20 dB/decade to a filter’s 
roll-off rate. 


Roll-off The rate of decrease in gain, below or above the critical frequencies of a filter. 


15-1 BW = f. 
15-2 BW = Sea = toa 
15-3) fo = Vier fe2 


Low-pass bandwidth 
Filter bandwidth of a band-pass filter 


Center frequency of a band-pass filter 


15-4 Q= So Quality factor of a band-pass filter 
BW 
Ry 
15-5 DF =2 - RB Damping factor 
2 


Ry 
15-6 Acund = Ry + 1 


Closed-loop voltage gain 


1 
15-7 i. Critical frequency for a second-order Sallen-Key filter 
2a VRARBC ‘ACR 
15-8 eee ey (ei Center f f a multiple-feedback filt 
fo = In \ RRR enter frequency of a multiple-feedback filter 
R2 ; ‘ ; 
15-9 Ap = oR, Gain of a multiple-feedback filter 
1 


Answers can be found at www.pearsonhighered.com/floyd. 
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. The response of a filter can be identified by its passband. 
. A filter pole is the cutoff frequency of a filter. 
. A single-pole filter has one RC circuit. 


. Asingle-pole filter produces a roll-off of —25 dB/decade. 


A low-pass filter can pass a de voltage. 


A high-pass filter passes any frequency above dc. 


. The critical frequency of a filter depends only on R and C values. 

. The band-pass filter has two critical frequencies. 

. The quality factor of a band-pass filter is the ratio of bandwidth to the center frequency. 
. The higher the Q, the narrower the bandwidth of a band-pass filter. 

. The Butterworth characteristic provides a flat response in the passband. 
. Filters with a Chebyshev response have a slow roll-off. 

. A Chebyshev response has ripples in the passband. 

. Bessel filters are useful in filtering pulse waveforms. 

. The order of a filter is the number of poles it contains. 

. A Sallen-Key filter is also known as a VCVS filter. 

. Multiple feedback is used in low-pass filters. 

. A state-variable filter uses differentiators. 

. A band-stop filter rejects certain frequencies. 


. Filter response can be measured using a sweep generator. 
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fF CIRCUIT-ACTION QUIZ Answers can be found at www.pearsonhighered.com/floyd. 
1. If the critical frequency of a low-pass filter is increased, the bandwidth will 
(a) increase (b) decrease (c) not change 
2. If the critical frequency of a high-pass filter is increased, the bandwidth will 
(a) increase (b) decrease (c) not change 
3. If the Q of a band-pass filter is increased, the bandwidth will 
(a) increase (b) decrease (c) not change 


4. If the value of C4 and Cz in Figure 15-11 are increased by the same amount, the critical 
frequency will 


(a) increase (b) decrease (c) not change 
5. If the the value of Ro in Figure 15-11 is increased, the bandwidth will 
(a) increase (b) decrease (c) not change 


6. If two filters like the one in Figure 15—15 are cascaded, the roll-off rate of the frequency 
response will 


(a) increase (b) decrease (c) not change 
7. If the value of R» in Figure 15-19 is decreased, the Q will 
(a) increase (b) decrease (c) not change 


8. If the capacitors in Figure 15—19 are changed to 0.022 uF, the center frequency will 


(a) increase (b) decrease (c) not change 


SELF-TEST Answers can be found at www.pearsonhighered.com/floyd. 


Section 15-1 1. The term pole in filter terminology refers to 
(a) a high-gain op-amp (b) one complete active filter 
(c) asingle RC circuit (d) the feedback circuit 
2. A single resistor and a single capacitor can be connected to form a filter with a roll-off rate of 
(a) —20 dB/decade (b) —40 dB/decade 
(c) —6dB/octave (d) answers (a) and (c) 
3. A band-pass response has 
(a) two critical frequencies (b) one critical frequency 
(c) a flat curve in the passband (d) a wide bandwidth 
4. The lowest frequency passed by a low-pass filter is 
(a) | Hz (b) 0 Hz (c) 10 Hz (d) dependent on the critical frequency 
5. The quality factor (Q) of a band-pass filter depends on 
(a) the critical frequencies (b) only the bandwidth 
(c) the center frequency and the bandwidth (d) only the center frequency 
Section 15-2 6. The damping factor of an active filter determines 
(a) the voltage gain (b) the critical frequency 
(c) the response characteristic (d) the roll-off rate 
7. A maximally flat frequency response is known as 
(a) Chebyshev (b) Butterworth (c) Bessel (d) Colpitts 
8. The damping factor of a filter is set by 
(a) the negative feedback circuit (b) the positive feedback circuit 
(c) the frequency-selective circuit (d) the gain of the op-amp 
9. The number of poles in a filter affect the 
(a) voltage gain (b) bandwidth 
(c) center frequency (d) roll-off rate 
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Section 15-3 10. Sallen-Key low-pass filters are 
(a) single-pole filters (b) second-order filters 
(c) Butterworth filters (d) band-pass filters 
11. When low-pass filters are cascaded, the roll-off rate 
(a) increases (b) decreases (c) does not change 
Section 15-4 12. Ina high-pass filter, the roll-off occurs 
(a) above the critical frequency (b) below the critical frequency 
(c) during the mid range (d) at the center frequency 
13. A two-pole Sallen-Key high-pass filter contains 
(a) one capacitor and two resistors (b) two capacitors and two resistors 
(c) a feedback circuit (d) answers (b) and (c) 


Section 15-5 14. When a low-pass and a high-pass filter are cascaded to get a band-pass filter, the critical 
frequency of the low-pass filter must be 


(a) equal to the critical frequency of the high-pass filter 
(b) less than the critical frequency of the high-pass filter 
(c) greater than the critical frequency of the high-pass filter 
15. A state-variable filter consists of 
(a) one op-amp with multiple-feedback paths 
(b) a summing amplifier and two integrators 
(c) asumming amplifier and two differentiators 
(d) three Butterworth stages 
Section 15-6 16. When the gain of a filter is minimum at its center frequency, it is 
(a) a band-pass filter (b) a band-stop filter 
(c) anotch filter (d) answers (b) and (c) 


i PROBLEMS Answers to all odd-numbered problems are at the end of the book. 
BASIC PROBLEMS 


Section 15-1 _ Basic Filter Responses 


1. Identify each type of filter response (low-pass, high-pass, band-pass, or band-stop) in 
Figure 15-42. 


Gain Gain Gain Gain 


; va ; rr ; ava 
(b) (c) (d) 


A FIGURE 15-42 
2. A certain low-pass filter has a critical frequency of 800 Hz. What is its bandwidth? 


(a) d 


3. A single-pole high-pass filter has a frequency-selective circuit with R = 2.2 kO and 
C = 0.0015 uF. What is the critical frequency? Can you determine the bandwidth from the 
available information? 


4. What is the roll-off rate of the filter described in Problem 3? 


5. What is the bandwidth of a band-pass filter whose critical frequencies are 3.2 kHz and 3.9 kHz? 
What is the Q of this filter? 


6. What is the center frequency of a filter with a Q of 15 and a bandwidth of 1 kHz? 
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Section 15-2 _ Filter Response Characteristics 


7. What is the damping factor in each active filter shown in Figure 15-43? Which filters are ap- 
proximately optimized for a Butterworth response characteristic? 


C 
| 0.015 uF 
Ve Vin 
1.2kO 1.2kO, Vou 
0.015 uF 
1.2 kO 
Ry 
1.2k0 
(a) (b) 
C 
| 0.0022 F 
V. 
in R 
10kQ  1.0k0 ; 
0.0022 uF 1.0kO, 
So oct 
3 0.0022 uF Ry 
330 0, 
R, = 
1.0kO, R, 
— 1.0kO 
(c) — 
A FIGURE 15-43 
Multisim file circuits are identified with a logo and are in the Problems folder on the companion 
website. Filenames correspond to figure numbers (e.g., F15-43). 
8. For the filters in Figure 15—43 that do not have a Butterworth response, specify the changes 
necessary to convert them to Butterworth responses. (Use nearest standard values.) 
9. Response curves for second-order filters are shown in Figure 15—44. Identify each as 
Butterworth. Chebyshev, or Bessel. 
Vout Vout Vout Vout 
r r A r 
>f >f >f ~f 
(a) (b) (c) (d) 


A FIGURE 15-44 


> FIGURE 15-45 
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Section 15-3 Active Low-Pass Filters 


10. Is the four-pole filter in Figure 15—45 approximately optimized for a Butterworth response? 


What is the roll-off rate? 


11. Determine the critical frequency in Figure 15—45. 


12. Without changing the response curve, adjust the component values in the filter of Figure 15-45 


to make it an equal-value filter. Select C = 0.22 wF for both stages. 


13. Modify the filter in Figure 15—45 to increase the roll-off rate to — 120 dB/decade while main- 


taining an approximate Butterworth response. 


14. Using a block diagram format, show how to implement the following roll-off rates using 


single-pole and two-pole low-pass filters with Butterworth responses. 
(a) —40 dB/decade (b) —20 dB/decade 
(c) —60 dB/decade (d) —100 dB/decade 


(e) —120 dB/decade 


47kQ 68kO Rs 
re - R, +7kO 
lens LOkO 
Ry 
6.8kO 


Section 15-4 Active High-Pass Filters 


15. 


16. 
17. 


> FIGURE 15-46 


Convert the filter in Problem 12 to a high-pass with the same critical frequency and response 
characteristic. 


Make the necessary circuit modification to reduce by half the critical frequency in Problem 15. 


For the filter in Figure 15—46, (a) how would you increase the critical frequency? (b) How 
would you increase the gain? 


C Cy 
""e—|[—+—| 
0.047 uF 0.047 uF 


Ry 
2.7kO, 
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Section 15-5 Active Band-Pass Filters 
18. Identify each band-pass filter configuration in Figure 15—47. 
19. Determine the center frequency and bandwidth for each filter in Figure 15-47. 


C3 
0.022 uF 
Vin o | Re 
1.0kO, Vv 
out 
Rg 
(a) 1.0kO 


C 


0.022 uF R, 


in 


(b) 


0.001 uF 0.001 uF 


10kQ 
Rs 
560 kO 


(c) = 


A FIGURE 15-47 


» FIGURE 15-48 


Section 15-6 


PROBLEMS 
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20. Optimize the state-variable filter in Figure 15—48 for Q = 50. What bandwidth is achieved? 


Active Band-Stop Filters 


21. Show how to make a notch (band-stop) filter using the basic circuit in Figure 15—48. 


22. Modify the band-stop filter in Problem 21 for a center frequency of 120 Hz. 


MULTISIM TROUBLESHOOTING PROBLEMS 
These file circuits are in the Troubleshooting Problems folder on the companion website. 
Open file TSP15-23 and determine the fault. 
Open file TSP15-24 and determine the fault. 
Open file TSP15-25 and determine the fault. 
Open file TSP15-26 and determine the fault. 
Open file TSP15-27 and determine the fault. 
Open file TSP15-28 and determine the fault. 
Open file TSP15-29 and determine the fault. 
Open file TSP15-30 and determine the fault. 
Open file TSP15-31 and determine the fault. 


23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 


16-1 The Oscillator 
16-2 Feedback Oscillators 
16-3 Oscillators with RC Feedback Circuits 
16-4 Oscillators with LC Feedback Circuits 
16-5 Relaxation Oscillators 
16-6 The 555 Timer as an Oscillator 
Application Activity 
Programmable Analog Technology 


Describe the operating principles of an oscillator 


Discuss the principle on which feedback oscillators is 
based 

Describe and analyze the operation of RC feedback 
oscillators 

Describe and analyze the operation of LC feedback 
oscillators 

Describe and analyze the operation of relaxation 
oscillators 


Discuss and analyze the 555 timer and use it in oscillator 
applications 


Oscillator 

Positive feedback 
Voltage-controlled oscillator (VCO) 
Astable 
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The application in this chapter is a circuit that produces an ASK 
signal for testing the RFID reader developed in the last chapter. 
The ASK test generator uses an oscillator, a 555 timer, and a 
JFET analog switch to produce a 125 kHz carrier signal modu- 
lated at 10 kHz by a digital signal. The output amplitude is ad- 
justable down to a low level to simulate the RFID tag signal. 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


Oscillators are electronic circuits that generate an output sig- 
nal without the necessity of an input signal. They are used as 
signal sources in all sorts of applications. Different types of 
oscillators produce various types of outputs including sine 
waves, square waves, triangular waves, and sawtooth waves. 
In this chapter, several types of basic oscillator circuits using 
both discrete transistors and op-amps as the gain element 
are introduced. Also, a popular integrated circuit, the 555 
timer, is discussed in relation to its oscillator applications. 

Sinusoidal oscillator operation is based on the principle of 
positive feedback, where a portion of the output signal is fed 
back to the input in a way that causes it to reinforce itself and 
thus sustain a continuous output signal. Oscillators are widely 
used in most communications systems as well as in digital sys- 
tems, including computers, to generate required frequencies 
and timing signals. Also, oscillators are found in many types 
of test instruments like those used in the laboratory. 
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16-1 THE OSCILLATOR 


An oscillator is a circuit that produces a periodic waveform on its output with only 
the de supply voltage as an input. A repetitive input signal is not required except to 
synchronize oscillations in some applications. The output voltage can be either sinu- 
soidal or nonsinusoidal, depending on the type of oscillator. Two major classifications 
for oscillators are feedback oscillators and relaxation oscillators. 


After completing this section, you should be able to 


Essentially, an oscillator converts electrical energy from the dc power supply to periodic 
waveforms. A basic oscillator is shown in Figure 16-1. 


ry <@ FIGURE 16-1 
The basic oscillator concept showing 


three common types of output wave- 


‘ rr rir forms: sine wave, square wave, and 
de supply voltage o—— Oscillator | __¢" —. sawtooth. 


Feedback Oscillators One type of oscillator is the feedback oscillator, which returns a 
fraction of the output signal to the input with no net phase shift, resulting in a reinforce- 
ment of the output signal. After oscillations are started, the loop gain is maintained at 1.0 
to maintain oscillations. A feedback oscillator consists of an amplifier for gain (either a 
discrete transistor or an op-amp) and a positive feedback circuit that produces phase shift 
and provides attenuation, as shown in Figure 16-2. 


Vee <@ FIGURE 16-2 


Basic elements of a feedback 
oscillator. 


Amplifier 0 Vout 


Feedback 
circuit 


Attenuation 
+ 
Phase shift 


Oscillator 
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Relaxation Oscillators A second type of oscillator is the relaxation oscillator. Instead 
of feedback, a relaxation oscillator uses an RC timing circuit to generate a waveform that 
is generally a square wave or other nonsinusoidal waveform. Typically, a relaxation oscil- 
lator uses a Schmitt trigger or other device that changes states to alternately charge and dis- 
charge a capacitor through a resistor. Relaxation oscillators are discussed in Section 16-5. 


in oscillator? 
tty e of feedback does a feedback oscillator require? 
purpose of the feedback circuit? 
the two types of oscillators. 


16—2 FEEDBACK OSCILLATORS 


Feedback oscillator operation is based on the principle of positive feedback. In this sec- 
tion, we will examine this concept and look at the general conditions required for oscil- 
lation to occur. Feedback oscillators are widely used to generate sinusoidal waveforms. 


After completing this section, you should be able to 


a Discuss the principle on which feedback oscillators is based 
a Explain positive feedback 
¢ Define oscillation 
2 Describe the conditions for oscillation 
¢ Define closed loop gain 
2 Discuss the conditions required for oscillator start-up 


Positive Feedback 


Positive feedback is characterized by the condition wherein a portion of the output voltage 
of an amplifier is fed back to the input with no net phase shift, resulting in a reinforcement 
of the output signal. This basic idea is illustrated in Figure 16—3(a). As you can see, the in- 
phase feedback voltage, Vy, is amplified to produce the output voltage, which in turn pro- 
duces the feedback voltage. That is, a loop is created in which the signal sustains itself and 


In phase Out of phase 


Y @—oV, 
a a _ 
| 
| 
| Noninverting | | Inverting 
| : | | a 
| amplifier | | amplifier 
I I I 
I | } 
| | I 
( ! \ 
Feedback Feedback 
circuit circuit 
(a) (b) 


A FIGURE 16-3 


out 


Positive feedback produces oscillation. 


a continuous sinusoidal output is produced. This phenomenon is called oscillation. In some 
types of amplifiers, the feedback circuit shifts the phase 180° and an inverting amplifier is 
required to provide another 180° phase shift so that there is no net phase shift. This is illus- 
trated in Figure 16—3(b). 


Conditions for Oscillation 


Two conditions, illustrated in Figure 16-4, are required for a sustained state of oscillation: 


1. The phase shift around the feedback loop must be effectively 0°. 
2. The voltage gain, A;,;, around the closed feedback loop (loop gain) must equal | (unity). 


out 


' 


Phase shift = 0° 


ae 7 Feedback 
NE cuit ia 


In phase 


Aq=A,B=1 
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(a) The phase shift around the loop is 0°. (b) The closed loop gain is 1. 


The voltage gain around the closed feedback loop, A,;, is the product of the amplifier 
gain, A,, and the attenuation, B, of the feedback circuit. 


Agi = A,B 


If a sinusoidal wave is the desired output, a loop gain greater than | will rapidly cause 
the output to saturate at both peaks of the waveform, producing unacceptable distortion. To 
avoid this, some form of gain control must be used to keep the loop gain at exactly | once 
oscillations have started. For example, if the attenuation of the feedback circuit is 0.01, the 
amplifier must have a gain of exactly 100 to overcome this attenuation and not create un- 
acceptable distortion (0.01 x 100 = 1). An amplifier gain of greater than 100 will cause 
the oscillator to limit both peaks of the waveform. 


Start-Up Conditions 


So far, you have seen what it takes for an oscillator to produce a continuous sinusoidal out- 
put. Now let’s examine the requirements for the oscillation to start when the dc supply 
voltage is first turned on. As you know, the unity-gain condition must be met for oscillation 
to be sustained. For oscillation to begin, the voltage gain around the positive feedback loop 
must be greater than | so that the amplitude of the output can build up to a desired level. 
The gain must then decrease to | so that the output stays at the desired level and oscillation 
is sustained. Ways that certain amplifiers achieve this reduction in gain after start-up are 
discussed in later sections of this chapter. The voltage gain conditions for both starting and 
sustaining oscillation are illustrated in Figure 16-5. 

A question that normally arises is this: If the oscillator is initially off and there is no out- 
put voltage, how does a feedback signal originate to start the positive feedback buildup 
process? Initially, a small positive feedback voltage develops from thermally produced 
broad-band noise in the resistors or other components or from power supply turn-on tran- 
sients. The feedback circuit permits only a voltage with a frequency equal to the selected 
oscillation frequency to appear in phase on the amplifier’s input. This initial feedback 
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General conditions to sustain 


oscillation. 
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A FIGURE 16-5 


When oscillation starts at tg, the condition A,; > 1 causes the sinusoidal output voltage amplitude to 
build up to a desired level. Then A,; decreases to 1 and maintains the desired amplitude. 


voltage is amplified and continually reinforced, resulting in a buildup of the output voltage 
as previously discussed. 


ire the conditions required for a circuit to oscillate? 
ositive feedback. 


16—3 OSCILLATORS WITH RC FEEDBACK CIRCUITS 


Three types of feedback oscillators that use RC circuits to produce sinusoidal outputs 
are the Wien-bridge oscillator, the phase-shift oscillator, and the twin-T oscillator. 
Generally, RC feedback oscillators are used for frequencies up to about | MHz. The 
Wien-bridge is by far the most widely used type of RC feedback oscillator for this 
range of frequencies. 


After completing this section, you should be able to 


a Describe and analyze the operation of RC feedback oscillators 
c ibe the Wien-b: c r 


descri 


a 


The Wien-Bridge Oscillator 


One type of sinusoidal feedback oscillator is the Wien-bridge oscillator. A fundamental 
part of the Wien-bridge oscillator is a lead-lag circuit like that shown in Figure 16—6(a). 
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R, and C; together form the lag portion of the circuit; Ry and C form the lead portion. The 
operation of this lead-lag circuit is as follows. At lower frequencies, the lead circuit domi- 
nates due to the high reactance of C. As the frequency increases, X¢2 decreases, thus al- 
lowing the output voltage to increase. At some specified frequency, the response of the lag 
circuit takes over, and the decreasing value of X-, causes the output voltage to decrease. 


R CQ) << FIGURE 16-6 
1 
V;, 0 AM, | | © Vout A lead-lag circuit and its response 
| curve. 
C Ry 
[ — a 
(a) Circuit (b) Response curve 
The response curve for the lead-lag circuit shown in Figure 16—6(b) indicates that the out- 
put voltage peaks at a frequency called the resonant frequency, f,. At this point, the attenuation 
(Vout! Vin) of the circuit is 1/3 if Rj = Ry and Xc, = Xcy as stated by the following equation 
(derived in “Derivations of Selected Equations” at www.pearsonhighered.com/floyd): 
Vout = 1 Equation 16-1 
V; 3 
The formula for the resonant frequency (also derived on the companion website) is 
f= _ A. Equation 16-2 
" — 2aRC 


To summarize, the lead-lag circuit in the Wien-bridge oscillator has a resonant fre- 
quency, f,, at which the phase shift through the circuit is 0° and the attenuation is 1/3. 
Below f,, the lead circuit dominates and the output leads the input. Above f,, the lag circuit 
dominates and the output lags the input. 


The Basic Circuit The lead-lag circuit is used in the positive feedback loop of an op- 
amp, as shown in Figure 16—7(a). A voltage divider is used in the negative feedback loop. 


Wien bridge 


Voltage 
divider 
Vout 


Vous 


Lead-lag 
circuit 


(a) (b) Wien bridge circuit combines a voltage divider and a 
lead-lag circuit. 


A FIGURE 16-7 


The Wien-bridge oscillator schematic drawn in two different but equivalent ways. 
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» FIGURE 16-8 


Conditions for sustained oscillation. 


HISTORY NOTE 


The Wien-bridge oscillator circuit can be viewed as a noninverting amplifier configuration 
with the input signal fed back from the output through the lead-lag circuit. Recall that the 
voltage divider determines the closed-loop gain of the amplifier. 

1 1 R, + Rp 

BB Ry/(R; + Ry) Ry 


Ag _ 


The circuit is redrawn in Figure 16—7(b) to show that the op-amp is connected across 
the bridge circuit. One leg of the bridge is the lead-lag circuit, and the other is the voltage 
divider. 


Positive Feedback Conditions for Oscillation As you know, for the circuit to produce 
a sustained sinusoidal output (oscillate), the phase shift around the positive feedback loop 
must be 0° and the gain around the loop must equal unity (1). The 0° phase-shift condition 
is met when the frequency is f, because the phase shift through the lead-lag circuit is 0° and 
there is no inversion from the noninverting (+) input of the op-amp to the output. This is 
shown in Figure 16—8(a). 


fm = 
7 cs 

| 

| 

| 

| 

| 


a 


~~ Positive 
| feedback loop | 
| Phase shift = 0° | 


Loop gain = 


| 

| 

| 

| 

; 
3(4)=1 
=a 


Lead-lag 


Lead-lag 


(a) The phase shift around the loop is 0°. (b) The voltage gain around the loop is 1. 


The unity-gain condition in the feedback loop is met when 
Agi = 3 


This offsets the 1/3 attenuation of the lead-lag circuit, thus making the total gain around the 
positive feedback loop equal to 1, as depicted in Figure 16—8(b). To achieve a closed-loop 
gain of 3, 


R, = 2R> 
Then 


RL + Ry 2Rp + Rp 3Ry 
- Ry Ry Ry 


=3 


Start-Up Conditions Initially, the closed-loop gain of the amplifier itself must be more 
than 3 (A,; > 3) until the output signal builds up to a desired level. Ideally, the gain of the 
amplifier must then decrease to 3 so that the total gain around the loop is | and the output sig- 
nal stays at the desired level, thus sustaining oscillation. This is illustrated in Figure 16-9. 
The circuit in Figure 16-10 illustrates a method for achieving sustained oscillations. 
Notice that the voltage-divider circuit has been modified to include an additional resistor R3 
in parallel with a back-to-back zener diode arrangement. When dc power is first applied, 
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Loop gain = 1 


(a) Loop gain greater than | causes output to build up. (b) Loop gain of 1 causes a sustained constant output. 


A FIGURE 16-9 


Conditions for start-up and sustained oscillations. 


pp <( FIGURE 16-10 


R Self-starting Wien-bridge oscillator 
MW NM, using back-to-back zener diodes. 


Lead-lag 
G) 


both zener diodes appear as opens. This places R3 in series with Rj, thus increasing the 
closed-loop gain of the amplifier as follows (R; = 2R>): 
ai tks R3 


cl i 


Ro Ry Ry 


Initially, a small positive feedback signal develops from noise or turn-on transients. The 
lead-lag circuit permits only a signal with a frequency equal to f,. to appear in phase on the 
noninverting input. This feedback signal is amplified and continually reinforced, resulting 
in a buildup of the output voltage. When the output signal reaches the zener breakdown 
voltage, the zeners conduct and effectively short out R3. This lowers the amplifier’s closed- 
loop gain to 3. At this point, the total loop gain is 1 and the output signal levels off and the 
oscillation is sustained. 

All practical methods to achieve stability for feedback oscillators require the gain to be 
self-adjusting. This requirement is a form of automatic gain control (AGC). The zener 
diodes in Figure 16—10 limit the gain at the onset of nonlinearity, in this case, zener con- 
duction. Although the zener feedback is simple, it suffers from the nonlinearity of the 
zener diodes that occurs in order to control gain. It is difficult to achieve an undistorted 
sinusoidal output waveform. In some older designs, a tungsten lamp was used in the feed- 
back circuit to achieve stability. 

A better method to control the gain uses a JFET as a voltage-controlled resistor in a neg- 
ative feedback path. This method can produce an excellent sinusoidal waveform that is sta- 
ble. A JFET operating with a small or zero Vpg is operating in the ohmic region. As the gate 
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voltage increases, the drain-source resistance increases. If the JFET is placed in the negative 
feedback path, automatic gain control can be achieved because of this voltage-controlled 
resistance. 

A JFET stabilized Wien bridge is shown in Figure 16—11. The gain of the op-amp is con- 
trolled by the components shown in the green box, which include the JFET. The JFET’s 
drain-source resistance depends on the gate voltage. With no output signal, the gate is at 
zero volts, causing the drain-source resistance to be at the minimum. With this condition, the 
loop gain is greater than 1. Oscillations begin and rapidly build to a large output signal. Neg- 
ative excursions of the output signal forward-bias D,, causing capacitor C3 to charge to a 
negative voltage. This voltage increases the drain-source resistance of the JFET and reduces 
the gain (and hence the output). This is classic negative feedback at work. With the proper 
selection of components, the gain can be stabilized at the required level. Example 16-1 
illustrates a JFET stabilized Wien-bridge oscillator. 


> FIGURE 16-11 


Self-starting Wien-bridge oscillator 
using a JFET in the negative feedback 
loop. 


out 


EXAMPLE 16-1 


» FIGURE 16-12 


Solution 


Determine the resonant frequency for the Wien-bridge oscillator in Figure 16-12. 
Also, calculate the setting for Ry assuming the internal drain-source resistance, Tiys, Of 
the JFET is 500 © when oscillations are stable. 


For the lead-lag circuit, Rj = Ry = R = 10kQ and C, = Cy = C = 0.01 pF. The 
frequency is 
1 1 
2m7RC —-277(10k©)(0.01 WF) 


Sie = 1.59 kHz 
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The closed-loop gain must be 3.0 for oscillations to be sustained. For an inverting 
amplifier, the gain expression is the same as for a noninverting amplifier. 
ie 
A, = zs ae Il 

R; 
R; is composed of R3 (the source resistor) and r/,,. Substituting, 

R 

1 a 

R; ae if ds 


Rearranging and solving for Rp, 


Ry = (Ay — D(R3 + 145) = 3B — 1I0.0kO + 5000) = 3.0k0 


Related Problem | What happens to the oscillations if the setting of Ry is too high? What happens if the 
setting is too low? 


“Answers can be found at www.pearsonhighered.com/floyd. 
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Open the Multisim file E16-01 in the Examples folder on the companion website. 
Determine the frequency of oscillation and compare with the calculated value. 


The Phase-Shift Oscillator 


Figure 16-13 shows a sinusoidal feedback oscillator called the phase-shift oscillator. 
Each of the three RC circuits in the feedback loop can provide a maximum phase shift ap- 
proaching 90°. Oscillation occurs at the frequency where the total phase shift through the 
three RC circuits is 180°. The inversion of the op-amp itself provides the additional 180° to 
meet the requirement for oscillation of a 360° (or 0°) phase shift around the feedback loop. 


<@ FIGURE 16-13 


Ry 
Phase-shift oscillator. 
Cc; Cy C3 
OV 
Voi 
R Ry R; 


The attenuation, B, of the three-section RC feedback circuit is 


1 


B= = Equation 16-3 
29 


where B = R3/Ry. The derivation of this unusual result is given in “Derivations of Selected 
Equations” at www.pearsonhighered.com/floyd. To meet the greater-than-unity loop gain 
requirement, the closed-loop voltage gain of the op-amp must be greater than 29 (set by Ry 
and R3). The frequency of oscillation (f,) is also derived on the companion website and is 
stated in the following equation, where Rj = Rp = R3 = Rand C; = C) = C3 = C. 


1 


fi = —— Equation 16—4 
"2a VRC 
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EXAMPLE 16-2 (a) Determine the value of Ry necessary for the circuit in Figure 16-14 to operate as 
an oscillator. 


(b) Determine the frequency of oscillation. 


Ry 


G; CG ic 
0.001 “ZF |} 0.001 wF | 0.001 uF 

R, Ry Ry 

10 kO, 10kO, 10kQ 


A FIGURE 16-14 


Solution (a) A,; = 29, and B = 1/29 = R3/R,. Therefore, 
s = 
R3 
Ry = 29R3 = 29(10kQ) = 290k 
(b) Ry = Ro = R3 = Rand C; = Cy = C3 = C. Therefore, 
- 1 = 1 
IVERC 2a VO(10k2.)(0.001 pF) 


29) 


= 65kHz 


Sr 


Related Problem (a) If Rj, Ro, and R3 in Figure 16-14 are changed to 8.2 kO,, what value must Ry be for 
oscillation? 


(b) What is the value of f,.? 


Open the Multisim file E16-02 in the Examples folder on the companion website. 


Measure the frequency of oscillation and compare to the calculated value. 


Twin-T Oscillator 


Another type of RC feedback oscillator is called the twin-T because of the two T-type RC 
filters used in the feedback loop, as shown in Figure 16—15(a). One of the twin-T filters has 
a low-pass response, and the other has a high-pass response. The combined parallel filters 
produce a band-stop or notch response with a center frequency equal to the desired fre- 
quency of oscillation, f, as shown in Figure 16—15(b). 

Oscillation cannot occur at frequencies above or below f,, because of the negative feed- 
back through the filters. At f,, however, there is negligible negative feedback; thus, the pos- 
itive feedback through the voltage divider (R, and R) allows the circuit to oscillate. 
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R; Low-pass R 4 


AW l AW Filter output 
A 
Cy 
L 
Vow 
C, High-pass C3 


Hi : 


Rs 


Twin-T filter = 0 i: 


(a) Oscillator circuit (b) Twin-T filter’s frequency response curve 


A FIGURE 16-15 


Twin-T oscillator and twin-T filter response. 


0 feedback loops in the Wien-bridge oscillator. What is the purpose of each? 


1 lead-lag circuit has R; = Ry and C, = C>. An input voltage of 5 V rms is ap- 
put frequency equals the resonant frequency of the circuit. What is the 
tage? 


phase shift through the RC feedback circuit in a phase-shift oscillator 180°? 


16—4 OSCILLATORS WITH LC FEEDBACK CIRCUITS 


Although the RC feedback oscillators, particularly the Wien bridge, are generally 
suitable for frequencies up to about | MHz, LC feedback elements are normally 
used in oscillators that require higher frequencies of oscillation. Also, because of 
the frequency limitation (lower unity-gain frequency) of most op-amps, discrete 
transistors (BJT or FET) are often used as the gain element in LC oscillators. This 
section introduces several types of resonant LC feedback oscillators: the Colpitts, 
Clapp, Hartley, Armstrong, and crystal-controlled oscillators. 


After completing this section, you should be able to 


a pees ang analyze the i aes of Ee feedback oscillators 
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» FIGURE 16-16 


A basic Colpitts oscillator with a BJT 
as the gain element. 


Equation 16—5 


Equation 16-6 


The Colpitts Oscillator 


One basic type of resonant circuit feedback oscillator is the Colpitts, named after its 
inventor—as are most of the others we cover here. As shown in Figure 16—16, this type of 
oscillator uses an LC circuit in the feedback loop to provide the necessary phase shift and 
to act as a resonant filter that passes only the desired frequency of oscillation. 


+Voc 


Cs 


|. Vout 


Amplifier 


Gi C, Feedback 
circuit 


The approximate frequency of oscillation is the resonant frequency of the LC circuit 
and is established by the values of C,, C2, and L according to this familiar formula: 


1 


2rV LCy 


where Cy is the total capacitance. Because the capacitors effectively appear in series 
around the tank circuit, the total capacitance (C7) is 
— CC, 

Cy + Cy 


i, = 


Cr 


Conditions for Oscillation and Start-Up The attenuation, B, of the resonant feedback 
circuit in the Colpitts oscillator is basically determined by the values of C; and C). 

Figure 16—17 shows that the circulating tank current is through both C; and C} (they are 
effectively in series). The voltage developed across C is the oscillator’s output voltage 
(Vous) and the voltage developed across C| is the feedback voltage (V;), as indicated. The 
expression for the attenuation (B) is 


Vp Xa — Xa 1/(af,C,) 
Vour IXcn XQ. 1/(2f,C2) 


B= 


Cancelling the 27, terms gives 
Cc 
B= = 
C; 
As you know, a condition for oscillation is A,B = 1. Since B = C/C), 
_a 


A. = 
v ran 
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<@ FIGURE 16-17 


The attenuation of the tank circuit is 
the output of the tank (V,) divided by 
the input to the tank (V,,,;). B = 
V¢/Vout = Co/Cy. For AyB > 1, Ay 
must be greater than C,/C). 


HISTORY NOTE 


where A,, is the voltage gain of the amplifier, which is represented by the triangle in Figure 
16-17. With this condition met, A,B = (Cj/Cz)(C2/C,) = 1. Actually, for the oscillator to 
be self-starting, A,B must be greater than | (that is, A,B > 1). Therefore, the voltage gain 
must be made slightly greater than C,/C). 


Loading of the Feedback Circuit Affects the Frequency of Oscillation As indicated 
in Figure 16—18, the input impedance of the amplifier acts as a load on the resonant feed- 
back circuit and reduces the Q of the circuit. The resonant frequency of a parallel resonant 
circuit depends on the Q, according to the following formula: 


1 | @ ' 
fr = ImVIEqV Gt +1 Equation 16-7 


As a rule of thumb, for a Q greater than 10, the frequency is approximately 1/(27VLCp), 
as stated in Equation 16-5. When Q is less than 10, however, f, is reduced significantly. 


<< FIGURE 16-18 


Zin of the amplifier loads the feed- 
back circuit and lowers its Q, thus 
lowering the resonant frequency. 
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A FET can be used in place of a BJT, as shown in Figure 16-19, to minimize the load- 
ing effect of the transistor’s input impedance. Recall that FETs have much higher input 
impedances than do bipolar junction transistors. Also, when an external load is con- 
nected to the oscillator output, as shown in Figure 16—20(a), f, may decrease, again be- 
cause of a reduction in Q. This happens if the load resistance is too small. In some cases, 
one way to eliminate the effects of a load resistance is by transformer coupling, as indicated 
in Figure 16—20(b). 


A FIGURE 16-19 
A basic FET Colpitts oscillator. 


Cy R, 


cy 8 


(a) A load capacitively coupled to oscillator (b) Transformer coupling of load can reduce loading 
output can reduce circuit Q and f.. effect by impedance transformation. 


A FIGURE 16-20 


Oscillator loading. 


EXAMPLE 16-3 


(a) Determine the frequency for the oscillator in Figure 16-21. Assume there is negli- 
gible loading on the feedback circuit and that its Q is greater than 10. 


(b) Find the frequency if the oscillator is loaded to a point where the Q drops to 8. 
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FIGURE 16-21 


CC) _ (0.1 wF)(0.01 uF) 
ae 0.11 pF 
ie“ 1 
IVLCy 2a V(50mH)(0.0091 4F) 


ae i - = 
(b) f= on VLG eon (7.46 kHz)(0.9923) = 7.40 kHz 


Related Problem What frequency does the oscillator in Figure 16-21 produce if it is loaded to a point 
where Q = 4? 


Solution (a) Cy = 0.0091 wF 


= = 7.46 kHz 
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The Clapp Oscillator 


The Clapp oscillator is a variation of the Colpitts. The basic difference is an additional ca- 
pacitor, C3, in series with the inductor in the resonant feedback circuit, as shown in Figure 
16-22. Since C3 is in series with C; and C> around the tank circuit, the total capacitance is 


1 


1 1 1 
Cy, G GC 


Cr = 


and the approximate frequency of oscillation (Q > 10) is 


1 
2 V LCy 


If C3 is much smaller than C; and C), then C3 almost entirely controls the resonant fre- 
quency (f, = 1/(27VLC3)). Since C; and C3 are both connected to ground at one end, the 
junction capacitance of the transistor and other stray capacitances appear in parallel with 
C, and C) to ground, altering their effective values. C3 is not affected, however, and thus 
provides a more accurate and stable frequency of oscillation. 


f, = 


822 ¢ OSCILLATORS 


> FIGURE 16-22 +Vec 
A basic Clapp oscillator. 
Cs 
| O Vout 
Amplifier 
Feedback 


circuit 


The Hartley Oscillator 


The Hartley oscillator is similar to the Colpitts except that the feedback circuit consists of 
two series inductors and a parallel capacitor as shown in Figure 16—23. 


> FIGURE 16-23 +Voc 


A basic Hartley oscillator. 


|—_-—» Mit 


Amplifier 


HISTORY NOTE 


Feedback 
circuit 


In this circuit, the frequency of oscillation for Q > 10 is 
a 
"War Vi7C 
where Ly = L, + Ly. The inductors act in a role similar to C; and C), in the Colpitts to 


determine the attenuation, B, of the feedback circuit. 


Ly 
aa 
Ly 
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To assure start-up of oscillation, A,, must be greater than 1/B. 


w L2 


Loading of the tank circuit has the same effect in the Hartley as in the Colpitts; that is, the 
Q is decreased and thus f, decreases. 


The Armstrong Oscillator 


This type of LC feedback oscillator uses transformer coupling to feed back a portion of the 
signal voltage, as shown in Figure 16-24. It is sometimes called a “tickler” oscillator in 
reference to the transformer secondary or “tickler coil” that provides the feedback to keep 
the oscillation going. The Armstrong is less common than the Colpitts, Clapp, and Hartley, 
mainly because of the disadvantage of transformer size and cost. The frequency of oscilla- 
tion is set by the inductance of the primary winding (L,,;) in parallel with C}. 


1 


fr 7 27 VE priCy 


t+Voc 
O 


Feedback circuit 


oH 


The most stable and accurate type of feedback oscillator uses a piezoelectric crystal in the 
feedback loop to control the frequency. 


Crystal-Controlled Oscillators 


The Piezoelectric Effect Quartz is one type of crystalline substance found in nature that 
exhibits a property called the piezoelectric effect. When a changing mechanical stress is 
applied across the crystal to cause it to vibrate, a voltage develops at the frequency of me- 
chanical vibration. Conversely, when an ac voltage is applied across the crystal, it vibrates 
at the frequency of the applied voltage. The greatest vibration occurs at the crystal’s natu- 
ral resonant frequency, which is determined by the physical dimensions and by the way the 
crystal is cut. 

Crystals used in electronic applications typically consist of a quartz wafer mounted be- 
tween two electrodes and enclosed in a protective “can” as shown in Figure 16—25(a) and (b). 
A schematic symbol for a crystal is shown in Figure 16—25(c), and an equivalent RLC 
circuit for the crystal appears in Figure 16—25(d). As you can see, the crystal’s equivalent 
circuit is a series-parallel RLC circuit and can operate in either series resonance or parallel 
resonance. At the series resonant frequency, the inductive reactance is cancelled by the re- 
actance of C,. The remaining series resistor, R,, determines the impedance of the crystal. 
Parallel resonance occurs when the inductive reactance and the reactance of the parallel ca- 
pacitance, C,, are equal. The parallel resonant frequency is usually at least 1 kHz higher 


Equation 16-8 


Equation 16-9 


<q FIGURE 16-24 


A basic Armstrong oscillator. 


HISTORY NOTE 
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» FIGURE 16-25 


A quartz crystal. 


» FIGURE 16-26 


Basic crystal oscillators. 


Pr ses wafer 
a A 
| " 
Ma XTAL C, ——i( 6H 
eee.| 
a 
(a) Typical packaged (b) Basic construction (c) Symbol (d) Electrical equivalent 
crystal (without case) 


than the series resonant frequency. A great advantage of the crystal is that it exhibits a very 
high Q (Qs with values of several thousand are typical). 

An oscillator that uses a crystal as a series resonant tank circuit is shown in Figure 
16—26(a). The impedance of the crystal is minimum at the series resonant frequency, thus 
providing maximum feedback. The crystal tuning capacitor, Cc, is used to “fine tune” the 
oscillator frequency by “pulling” the resonant frequency of the crystal slightly up or down. 


+Voc +Vec 
re) fe) 


(a) (b) 


A modified Colpitts configuration is shown in Figure 16—26(b) with a crystal acting as 
a parallel resonant tank circuit. The impedance of the crystal is maximum at parallel reso- 
nance, thus developing the maximum voltage across the capacitors. The voltage across C; 
is fed back to the input. 


Modes of Oscillation in the Crystal Piezoelectric crystals can oscillate in either of two 
modes—fundamental or overtone. The fundamental frequency of a crystal is the lowest 
frequency at which it is naturally resonant. The fundamental frequency depends on the 
crystal’s mechanical dimensions, type of cut, and other factors, and is inversely propor- 
tional to the thickness of the crystal slab. Because a slab of crystal cannot be cut too thin 
without fracturing, there is an upper limit on the fundamental frequency. For most crystals, 
this upper limit is less than 20 MHz. For higher frequencies, the crystal must be operated 
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in the overtone mode. Overtones are approximate integer multiples of the fundamental fre- 
quency. The overtone frequencies are usually, but not always, odd multiples (3, 5,7, ...) of 
the fundamental. Many crystal oscillators are available in integrated circuit packages. 


° 
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it is the basic difference between the Colpitts and the Hartley oscillators? 


V hat is the advantage of a FET amplifier in a Colpitts or Hartley oscillator? 
How can you distinguish a Colpitts oscillator from a Clapp oscillator? 


16—5 RELAXATION OSCILLATORS 


The second major category of oscillators is the relaxation oscillator. Relaxation oscil- 
lators use an RC timing circuit and a device that changes states to generate a periodic 
waveform. In this section, you will learn about several circuits that are used to pro- 
duce nonsinusoidal waveforms. 


After completing this section, you should be able to 


a Describe and analyze the operation of relaxation oscillators 
4 Describe the operation of a triangular-wave oscillator 
¢ Discuss a practical triangular-wave oscillator ¢* Define function generator 
¢ Determine the UTP, LTP, and frequency of oscillation 
a Describe a sawtooth voltage-controlled oscillator (VCO) 
¢ Explain the purpose of the PUT in this circuit ¢ Determine the frequency of 
oscillation 
2 Describe a square-wave oscillator 


A Triangular-Wave Oscillator 


The op-amp integrator covered in Chapter 13 can be used as the basis for a triangular-wave 
oscillator. The basic idea is illustrated in Figure 16—27(a) where a dual-polarity, switched 
input is used. We use the switch only to introduce the concept; it is not a practical way to 
implement this circuit. When the switch is in position 1, the negative voltage is applied, 
and the output is a positive-going ramp. When the switch is thrown into position 2, a neg- 
ative-going ramp is produced. If the switch is thrown back and forth at fixed intervals, the 
output is a triangular wave consisting of alternating positive-going and negative-going 
ramps, as shown in Figure 16—27(b). 


} 
| 

Vou 0 

| 

} 

position position position position 
—s 2 1 2 1 
(a) (b) Output voltage as the switch is thrown back and forth at regular intervals 


A FIGURE 16-27 


Basic triangular-wave oscillator. 
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» FIGURE 16-28 


A triangular-wave oscillator using two 


op-amps. 


Equation 16-10 


A Practical Triangular-Wave Oscillator One practical implementation of a triangular- 
wave oscillator utilizes an op-amp comparator with hysteresis to perform the switching 
function, as shown in Figure 16—28. The operation is as follows. To begin, assume that the 
output voltage of the comparator is at its maximum negative level. This output is connected 
to the inverting input of the integrator through R;, producing a positive-going ramp on the 
output of the integrator. When the ramp voltage reaches the upper trigger point (UTP), the 
comparator switches to its maximum positive level. This positive level causes the integra- 
tor ramp to change to a negative-going direction. The ramp continues in this direction until 
the lower trigger point (LTP) of the comparator is reached. At this point, the comparator 
output switches back to the maximum negative level and the cycle repeats. This action is 
illustrated in Figure 16-29. 


Vous 


Comparator 


Integrator 


> FIGURE 16-29 +V nar 
Waveforms for the circuit in Comparator 
Figure 16-28. output 
—Vinax 
| | | 
| | | 
| | | 
| | | 
Vurp | 
| 
Vow 
| 
Vir a2 


Since the comparator produces a square-wave output, the circuit in Figure 16-28 can be 
used as both a triangular-wave oscillator and a square-wave oscillator. Devices of this type 
are commonly known as function generators because they produce more than one output 
function. The output amplitude of the square wave is set by the output swing of the com- 
parator, and the resistors Ry and R3 set the amplitude of the triangular output by establish- 
ing the UTP and LTP voltages according to the following formulas: 


V +V, (=) 
UTP — x\ 
max Ro 


R; 
Vip = —Vinax R, 


where the comparator output levels, +V,,~, and —V,,q,, are equal. The frequency of both 
waveforms depends on the R,C time constant as well as the amplitude-setting resistors, R> 
and R3. By varying R,, the frequency of oscillation can be adjusted without changing the 


output amplitude. 
1 /R, 
Sr = (7) 
4R\C\ R3 
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EXAMPLE 16-4 Determine the frequency of oscillation of the circuit in Figure 16-30. To what value 
must R; be changed to make the frequency 20 kHz? 


» FIGURE 16-30 


1 yas 1 36 wt) 
Py - = = 8.25 kH 
Solution fr 4RiC (®) (aan tasi == aa : é 


To make f = 20 kHz, 


1 (=) ( 1 )( 33 kO, ) 
R= = = 413k0 
4fC \.R3 4(20 kHz)(0.01 wF) /\ 10kO, 


Related Problem What is the amplitude of the triangular wave in Figure 16-30 if the comparator output 
is +10 V? 


A Sawtooth Voltage-Controlled Oscillator (VCO) 


The voltage-controlled oscillator (VCO) is a relaxation oscillator whose frequency can 
be changed by a variable dc control voltage. VCOs can be either sinusoidal or nonsinu- 
soidal. One way to build a sawtooth VCO is with an op-amp integrator that uses a switching 
device (PUT) in parallel with the feedback capacitor to terminate each ramp at a prescribed 
level and effectively “reset” the circuit. Figure 16—31(a) shows the implementation. 

As you learned in Chapter 11, the PUT is a programmable unijunction transistor with an 
anode, a cathode, and a gate terminal. The gate is always biased positively with respect to 


La 
Rapid discharge 
Vp v4 
WAC 
ws Me 
aL. 
(a) Initially, the capacitor charges, the output ramp begins, (b) The capacitor rapidly discharges when the PUT momentarily turns on. 


and the PUT is off. 


A FIGURE 16-31 


Sawtooth VCO operation. 
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Equation 16-11 


the cathode. When the anode voltage exceeds the gate voltage by approximately 0.7 V, the 
PUT turns on and acts as a forward-biased diode. When the anode voltage falls below this 
level, the PUT turns off. Also, the current must be above the holding value to maintain con- 
duction. 

The operation of the sawtooth VCO begins when the negative dc input voltage, — Vin, 
produces a positive-going ramp on the output. During the time that the ramp is increasing, 
the circuit acts as a regular integrator. The PUT triggers on when the output ramp (at the 
anode) exceeds the gate voltage by 0.7 V. The gate is set to the approximate desired saw- 
tooth peak voltage. When the PUT turns on, the capacitor rapidly discharges, as shown in 
Figure 16—31(b). The capacitor does not discharge completely to zero because of the 
PUT’s forward voltage, Vp. Discharge continues until the PUT current falls below the 
holding value. At this point, the PUT turns off and the capacitor begins to charge again, 
thus generating a new output ramp. The cycle continually repeats, and the resulting output 
is a repetitive sawtooth waveform, as shown. The sawtooth amplitude and period can be 
adjusted by varying the PUT gate voltage. 

The frequency of oscillation is determined by the R;C time constant of the integrator and 
the peak voltage set by the PUT. Recall that the charging rate of a capacitor is Vjy/R;C. The 
time it takes a capacitor to charge from V> to V,, is the period, 7, of the sawtooth waveform 
(neglecting the rapid discharge time). 


Vp — Ve 
C= 
[Vinl/RiC 
From f = 1/T, 


fz lVinI ( 1 ) 
RC \V, — Ve 


EXAMPLE 16-5 


» FIGURE 16-32 


Solution 


(a) Find the amplitude and frequency of the sawtooth output in Figure 16-32. Assume 
that the forward PUT voltage, Vp, is approximately 1 V. 


(b) Sketch the output waveform. 


0.0047 uF 


(a) First, find the gate voltage in order to establish the approximate voltage at which 
the PUT turns on. 


Ry 10k0O, 
20kO, 


(5 V) =7.5V 
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This voltage sets the approximate maximum peak value of the sawtooth output (neglect- 


ing the 0.7 V). 
VY, = 75V 
The minimum peak value (low point) is 
Va = IW 
So the peak-to-peak amplitude is 


Vpp = Vp — Vp = 7.5V -1V =65V 


Determine the frequency as follows: 


7 _ 10k0 
Ri + Ry 78k 


(15 V) = =1.92 V 


IVinl i 1.92V 1 
f= ——— |= = 628 Hz 
RiC \V, — Ve (100 kQ)(0.0047uF)/\.7.5V — 1V 


(b) The output waveform is shown in Figure 16-33, where the period is determined as 


follows: 


1 1 


f 628Hz 


= 1. 


59 ms 


7.5 V 
ere 
1V >t 
— 1.59 ms ———>1 
A FIGURE 16-33 
Output of the circuit in Figure 16-32. 
Related Problem If R; is changed to 56 kQ. in Figure 16-32, what is the frequency? 
e Ry 
A Square-Wave Oscillator NY 


The basic square-wave oscillator shown in Figure 16—34 is a type of relaxation oscillator 
because its operation is based on the charging and discharging of a capacitor. Notice that 
the op-amp’s inverting input is the capacitor voltage and the noninverting input is a por- 
tion of the output fed back through resistors R2 and R3 to provide hysteresis. When the 
circuit is first turned on, the capacitor is uncharged, and thus the inverting input is at 0 V. 
This makes the output a positive maximum, and the capacitor begins to charge toward 
Vour through R;. When the capacitor voltage (Vc) reaches a value equal to the feedback 
voltage (V,) on the noninverting input, the op-amp switches to the maximum negative 
state. At this point, the capacitor begins to discharge from +V;toward —V, When the ca- 
pacitor voltage reaches —V,, the op-amp switches back to the maximum positive state. 
This action continues to repeat, as shown in Figure 16-35, and a square-wave output 
voltage is obtained. 


A FIGURE 16-34 


Viens 


A square-wave relaxation oscillator. 
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» FIGURE 16-35 


Waveforms for the square-wave 
relaxation oscillator. 


l What is a VCO, and basically, what does it do? 
m Upon what principle does a relaxation oscillator operate? 


16-6 THE 555 TIMER AS AN OSCILLATOR 


The 555 timer is a versatile integrated circuit with many applications. In this section, 
you will see how the 555 is configured as an astable or free-running multivibrator, 
which is essentially a square-wave oscillator. The use of the 555 timer as a voltage- 
controlled oscillator (VCO) is also discussed. 


After completing this section, you should be able to 


4 Discuss and analyze the 555 timer and use it in oscillator applications 
2 Describe the astable operation of a 555 timer 

¢ Determine the frequency of oscillation ¢ Determine the duty cycle 
4 Discuss the 555 timer as a voltage-controlled oscillator 

¢ Describe the connections 


The 555 timer consists basically of two comparators, a flip-flop, a discharge transistor, 
and a resistive voltage divider, as shown in Figure 16-36. The flip-flop (bistable multivi- 
brator) is a digital device that may be unfamiliar to you at this point unless you already 
have taken a digital fundamentals course. Briefly, it is a two-state device whose output can 
be at either a high voltage level (set, S) or a low voltage level (reset, R). The state of the 


output can be changed with proper input signals. 


The resistive voltage divider is used to set the voltage comparator levels. All three re- 
sistors are of equal value; therefore, the upper comparator has a reference of AVcc, and 
the lower comparator has a reference of 4Vcc. The comparators’ outputs control the 
state of the flip-flop. When the trigger voltage goes below 4V¢c, the flip-flop sets and 
the output jumps to its high level. The threshold input is normally connected to an exter- 
nal RC timing circuit. When the external capacitor voltage exceeds “~Vcc, the upper 
comparator resets the flip-flop, which in turn switches the output back to its low level. 
When the device output is low, the discharge transistor (Q,) is turned on and provides a 
path for rapid discharge of the external timing capacitor. This basic operation allows the 
timer to be configured with external components as an oscillator, a one-shot, or a time- 


delay element. 
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Upper 
comparator 


Threshold o ©) 


Control “ 
voltage 


Lower 
comparator 


O Output 


Trigger O 
Discharge 


Sieaees path transistor 


Gnd 


Astable Operation 


A 555 timer connected to operate in the astable mode as a free-running relaxation oscilla- 
tor (astable multivibrator) is shown in Figure 16-37. Notice that the threshold input 
(THRESH) is now connected to the trigger input (TRIG). The external components R, Ro, 
and C,,; form the timing circuit that sets the frequency of oscillation. The 0.01 wF capaci- 
tor connected to the control (CONT) input is strictly for decoupling and has no effect on 
the operation. 


+ Voc 
O 


(decoupling optional) 
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<< FIGURE 16-36 


Internal diagram of a 555 integrated 
circuit timer. (IC pin numbers are in 
parentheses.) 


<¢ FIGURE 16-37 


The 555 timer connected as an 
astable multivibrator. 
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Equation 16-12 


Charging 


Initially, when the power is turned on, the capacitor C,,,; is uncharged and thus the trig- 
ger voltage (pin 2) is at 0 V. This causes the output of the lower comparator to be high and 
the output of the upper comparator to be low, forcing the output of the flip-flop, and thus 
the base of Qz, low and keeping the transistor off. Now, C,,, begins charging through R,; 
and R> as indicated in Figure 16-38. When the capacitor voltage reaches 4Vcc, the lower 
comparator switches to its low output state, and when the capacitor voltage reaches “Vcc, 
the upper comparator switches to its high output state. This resets the flip-flop, causes the 
base of Q, to go high, and turns on the transistor. This sequence creates a discharge path 
for the capacitor through R> and the transistor, as indicated. The capacitor now begins to 
discharge, causing the upper comparator to go low. At the point where the capacitor dis- 
charges down to 4Vcc, the lower comparator switches high, setting the flip-flop, which 
makes the base of Q, low and turns off the transistor. Another charging cycle begins, and 
the entire process repeats. The result is a rectangular wave output whose duty cycle de- 
pends on the values of R, and Rp. 


t+Voc 
oO 


GBO@OO 
[on |ott] on | 


(4) 


fo) 
i“ t+Voc 


A FIGURE 16-38 


Operation of the 555 timer in the astable mode. 


The frequency of oscillation is given by Equation 16-12, or it can be found using the 
graph in Figure 16-39. 


1.44 


fr = RDF RCo 


By selecting R; and Ro, the duty cycle of the output can be adjusted. Since C,,, charges 
through R; + Rp» and discharges only through R, duty cycles approaching a minimum of 
50 percent can be achieved if R, >> R, so that the charging and discharging times are ap- 
proximately equal. 

A formula to calculate the duty cycle is developed as follows. The time that the output 
is high (f;) is how long it takes C,,, to charge from 4Vcc to AVcc. It is expressed as 


ty = 0.694(R, aa Ro) Cox 
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100 <@ FIGURE 16-39 
Frequency of oscillation (free-running 
10 frequency) of a 555 timer in the 
ay astable mode as a function of C,,; 
= and R,; + 2R>. The sloped lines are 
= 1 values of Ry + 2R). 
3 
5 0.1 
G 
0.01 
(R, + 2R) 
0.001 
0.1 1.0 10 100 1.0k 10k 100k 
J, free-running frequency (Hz) 
The time that the output is low (f,,) is how long it takes C,,, to discharge from “Vcc to 
AVcc. It is expressed as 
tL = 0.694RoCoy4 
The period, T, of the output waveform is the sum of fy and t,. The following formula for T 
is the reciprocal of fin Equation 16-12. 
T = ty + tf, = 0.694(R; + 2R5)C.. 
Finally, the percent duty cycle is 
ty ty 
Duty cycle = | — ]100% = 100% 
T ty + t 
Duty cycl (100% Equation 16-13 
uty cycle = | ————— uation 16— 
ae) Ri + 2R,/ 4 


To achieve duty cycles of less than 50 percent, the circuit in Figure 16-37 can be modi- 
fied so that C,,,; charges through only R, and discharges through R3. This is achieved with 
a diode, D;, placed as shown in Figure 16—40. The duty cycle can be made less than 50 


eee <4 FIGURE 16-40 
©) 


. 2 
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Ri < Ap: 


— 
i 
S 


<a 


The addition of diode D, allows the 
duty cycle of the output to be adjusted 
to less than 50 percent by making 
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percent by making R, less than R». Under this condition, the formulas for the frequency 
and percent duty cycle are (assuming an ideal diode) 


px 1.44 
i (R, + Ro) Cont 
Ry 
Duty cycle = | ———— ]100% 
R, + Ro 
EXAMPLE 16-6 A 555 timer configured to run in the astable mode (oscillator) is shown in Figure 


16—41. Determine the frequency of the output and the duty cycle. 


» FIGURE 16-41 


$5.5 V 


1.44 1.44 
(Ry + 2Ro)Co (2.2kO. + 9.4kQ)0.022 pF 


nee RS 2.2kO. + 4.7kO 
1 |i = ae 
i Ee 2.2kQ + 9.4kO0 


Solution if = 5.64kHz 


Duty cycle = ( ) 100% = 59.5% 


Related Problem Determine the duty cycle in Figure 16—41 if a diode is connected across R> as indi- 
cated in Figure 16—40. 


Operation as a Voltage-Controlled Oscillator (VCO) 


A 555 timer can be set up to operate as a VCO by using the same external connections as 
for astable operation, with the exception that a variable control voltage is applied to the 
CONT input (pin 5), as indicated in Figure 16—42. 

As shown in Figure 16-43, the control voltage (Vconr) changes the threshold values of 
“Vcc and “~Vcc for the internal comparators. With the control voltage, the upper value is 
Vcont and the lower value is 4Vconr. as you can see by examining the internal diagram of 
the 555 timer. When the control voltage is varied, the output frequency also varies. An 
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Output frequency 
o Varies inversely with 


Voont 


ot Control 
voltage (Vcont) 


Cox 


i 


A FIGURE 16-42 


The 555 timer connected as a voltage-controlled oscillator (VCO). Note the variable control voltage 
input on pin 5. 


Vout 


0 
A FIGURE 16-43 


The VCO output frequency varies inversely with Vcoyy because the charging and discharging time of 
Coy is directly dependent on the control voltage. 


increase in Vconrt increases the charging and discharging time of the external capacitor 
and causes the frequency to decrease. A decrease in Voonr decreases the charging and dis- 
charging time of the capacitor and causes the frequency to increase. 

An interesting application of the VCO is in phase-locked loops, which are used in 
various types of communication receivers to track variations in the frequency of incom- 
ing signals. 


. 2 
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the five basic elements in a 555 timer IC. 
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Application Activity: ASK Test Generator 


The RFID reader board that was developed in the Chapter 15 Application Activity re- 
quires an ASK modulated source to test it. Recall that the RFID tag transmits a 125 kHz 
ASK (amplitude shift keyed) signal modulated with coded information represented by a 
digital waveform. The basic block diagram is shown in Figure 16-44. 


» FIGURE 16-44 


Transmission of 


Basic block diagram of an RFID digitally coded 
system. information 
RFID RFID D 
») TUL | a 
tag reader processor 
The ASK Test Generator 


The purpose of this application is to develop a signal source for testing the RFID reader 
circuit board. The source must produce a 125 kHz signal that is modulated with a 10 kHz 
pulse signal to simulate the RFID tag. An oscillator is used to generate the 125 kHz car- 
rier signal, and a 555 timer produces the modulating pulse signal. The modulating device 
is an analog switch that allows the carrier signal to be turned on and off by the modulat- 
ing pulse signal. A basic block diagram is shown in Figure 16—45. 


125 kHz ! ! WWE WN > Analog ——E 
oscillator switch 


ASK output 


lt de Lk 


10 kHz 
pulse source 


A FIGURE 16-45 
Basic block diagram of the ASK test generator. 


Simulation 


The first step is to design the 125 kHz oscillator circuit. The type of oscillator chosen for 
this application is the Colpitts oscillator. The simulated circuit is shown in Figure 16—46(a), 
and the output waveform is shown in part (b). 
1. Calculate the gain of the Colpitts oscillator in Figure 16-46. 
2. Calculate the frequency of the Colpitts oscillator and compare to the frequency 
measured in the simulation. 


In the second step, the 10 kHz pulse oscillator is designed using a 555 timer. The 
simulated circuit and output waveform are shown in Figure 16-47. 


(a) 


(b) 


FIGURE 16-46 
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Colpitts oscillator for generating the 125 kHz carrier signal. 


(b) 


FIGURE 16-47 


555 timer configured for generating a 10 kHz square wave. 
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3. Calculate the frequency of the pulse oscillator in Figure 16—47 and compare to the 
measured frequency in the simulation. 

4. Describe a possible reason for the difference in the calculated and the simulated 
value of frequency. 


The third step in the simulation of the ASK test generator is to combine the Colpitts 
oscillator with the 555 timer and add an analog switch. For the purpose of switching the 
carrier signal on and off, a p-channel JFET is used. When the timer output is low, the 
JFET turns on and passes the carrier signal to the ASK output. When the timer output is 
high, the JFET turns off and blocks the signal from the output. The complete circuit is 
shown in Figure 16—48, and the resulting waveforms are shown in Figure 16—49. 


it Simulate the ASK test generator using your Multisim software. Observe the opera- 


The complete ASK test generator. 


5. What is the purpose of Q> in the ASK test generator circuit? 


Finally, a simulation is run with the ASK test generator driving the RFID reader. This 
is shown in Figure 16—50. 
6. Identify each waveform in Figure 16—50. 


tion with the oscilloscope. 


Prototyping and Testing 

Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 
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FIGURE 16-49 


Waveforms for the ASK test generator. 


125 kHz carrier 


Modulating pulse 
waveform 


ASK output 


MM 20us 


ASK test 
generator 1 


RFID reader 


FIGURE 16-50 
Simulation of the ASK test generator driving the RFID reader. 
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Lab Experiment 


-_| To build and test a circuit similar to one used in the ASK test generator, go to 
Experiment 16—A in your lab manual (Laboratory Exercises for Electronic Devices 
by David Buchla and Steven Wetterling). 


Circuit Board 


The ASK test generator is implemented on a printed circuit board as shown in Figure 
16-51 and will be housed in a unit for use in testing RFID readers on the assembly line. 
The dark gray lines represent backside connections. 


» FIGURE 16-51 
ASK test generator board. 


7. Check the printed circuit board and verify that it agrees with the simulation 
schematic in Figure 16-48. 
8. Label each input and output pin according to function. 


Oscillators with various types of outputs can be programmed into an FPAA or a dpASP. These are 
described as follows. 


Sine-Wave Oscillator 
Oscillators can be implemented in programmable analog arrays using software. A sine-wave oscil- 
lator is shown in Figure 16-52 using AnadigmDesigner2. 


& CQ Chip Type 
& (>) Function 
3) Archive 


MultiplerFikerl.. 


Oscillators 

PeakDetect2 Peak Detector 

Periodi'Wave Arbitrary Periodic Waveform Generator 
RectifierFilter Rectifier with Low Pass Filter 

RectifierHalF Hak Cycle Rectifier 

RectitierHold Hal Cycle Inverting Rectiher with Hold 

SquareRoct Square Root ( 
SumBiquad Sum/Difference Stage with Biquacratic Fier (*) 
SumDiff Hal Cycle Sum/Differerce Stage (*) 
SumPiter Sum/Difference Stage with Low Pass Fitter (*) 
SumIntegrator Sum/Difference Integrator (*) 


Suminv inverting Sum Stage (*) 
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CaM Description “a Create CAM 

ADC-SAR Analog to Digital Converter (SAR) 

Comperator Comparator 

Differertistor Inverting Differentiator 

Divider Owider 

FikterBilinear Biineer Filter 

FilterBiquad Biquadratic Fiter 

FikerLowFregBi. Low Corner Frequency Bilinear LPF (External 

GainHalt Hak Cycle Gain Stage 

GainHold Hal Cycle Inverting Gain Stage wth Hold 

Gaininv Inverting Gain Stage (' 

GainLimiter Gain Stage wth Output Voltage Limitng ¢ B Untitled - AnadigmDesigner2 

GainPolarity Gain Stage wth Polarty Control (*) ns 

GainSwiitch Gain Stage with Switchable Inputs ) File Edit Simulate Configure Settings Dynamic Config. Target View Tools 
GainVoltageCo... Yokage Controlled Variable Gain Rage (*) | Help 

Hold Sample and Hold 

HoldVoltageCo... Voltage Contrelled Sample and Hold Ce & &» A fi Sn “| BD ON? 
Integrator Integrator 

Multipber Multiplier 


Multipier veith Low Corner Frequency LPF (E... 


For Help, press Fl 


A FIGURE 16-52 


Selection and placement of the sine-wave oscillator CAM. 


The frequency and peak amplitude of the oscillator can be programmed, and the oscillator CAM 
can be connected to an output as shown in Figure 16—53(a). Running the simulation produces the 
results shown in part (b). 


Square- Wave Oscillator 

A square-wave oscillator can be programmed using the sine-wave oscillator CAM and the compara- 
tor CAM, as illustrated in Figure 16-54. The frequency of the square wave can be changed by re- 
programming the frequency of the sine-wave oscillator. 


Variable Duty Cycle Pulse Oscillator 
By adding a variable reference to the comparator CAM and by changing its value, the duty cycle as 
well as the frequency of the pulse waveform can be varied, as shown in Figure 16-55. 


Triangular-Wave Oscillator 

One way to program a triangular-wave oscillator is shown in Figure 16—56. A sine-wave oscillator 
is used to drive an inverting gain stage into nonlinear operation. This is followed by an integrator 
with a properly selected integration constant. A comparator could have been used instead of the 
over-driven gain stage except that Designer2 does not allow the output of a comparator to be con- 
nected to anything but a chip output. 


Programming Exercises 
1. How do you adjust the duty cycle of the variable duty cycle pulse oscillator? 
2. To change the frequency of the triangular-wave oscillator, what parameters must be 
changed by programming? 
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Instance Name: OscdstoSine) AnachgrivVortex\OsctatorSine 1.22 [Sinewave Oscibater, 


LEcK [No notes) 
Goch | Clock 0 (4000 kHz! v | 


Peak Amplitude [V 


CAM Souce: Anadigm. Approved Yer 


Ed Oscilloscope - Untitled 


(b) 


A FIGURE 16-53 


Bauntitiea - AnadigmDesigner2 


Fle Ede 


pee 
loa Swe X V4 TF 


Sarudate Configure Settings Dynamic Contig. Target Yew Tools 


a 


For Help, Press F1 


Programming a chip as a sine-wave oscillator. 


Ea Untitled - AnadigmDesigner2 


ie Eck Simulate Configure Settings Dynamic Config. Target Yew Tools 


Help 
Ceol & & » 


NV Oise SP Ne 


For Help, Press Fi 


A FIGURE 16-54 


Ed Oscilloscope - Untitled 


A square-wave oscillator. 
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BX Untitled - AnadigmDesigner? 4 EX Oscilloscope - Untitled 
Fle Edt Sarulste Configure Settings Dynernk Config. 


Help 


Cee SG &e X VV 427 2h 


& 
For Help, press Fl 


A FIGURE 16-55 


A variable duty cycle pulse oscillator. 


Ed untitied - AnadigmDesigner2 i=} Ed Oscitloscope - Untitled 
File Edt SimJate Configure Settings Dynamic Config. Target Yew Tools 

Help 
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For Halp, Press Fl 


A FIGURE 16-56 


A triangular-wave oscillator. 


PAM Experiment 

Se To program, download, and test a circuit using AnadigmDesigner2 software and the programmable 
analog module (PAM) board, go to Experiment 16—B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steven Wetterling. 
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SUMMARY 


Section 16-1 


Section 16-2 


Section 16-3 
Section 16—4 


Section 16-5 


Section 16-6 


KEY TERMS 


Sd 


Sd 


Sd 


Sd 


Sinusoidal feedback oscillators operate with positive feedback. 
Relaxation oscillators use an RC timing circuit. 


The two conditions for positive feedback are the phase shift around the feedback loop must be 
0° and the voltage gain around the feedback loop must equal 1. 


For initial start-up, the voltage gain around the feedback loop must be greater than 1. 
Sinusoidal RC oscillators include the Wien-bridge, phase-shift, and twin-T. 


Sinusoidal LC oscillators include the Colpitts, Clapp, Hartley, Armstrong, and crystal- 
controlled. 


The feedback signal in a Colpitts oscillator is derived from a capacitive voltage divider in the 
LC circuit. 


The Clapp oscillator is a variation of the Colpitts with a capacitor added in series with the 
inductor. 


The feedback signal in a Hartley oscillator is derived from an inductive voltage divider in the 
LC circuit. 


The feedback signal in an Armstrong oscillator is derived by transformer coupling. 
Crystal oscillators are the most stable type of feedback oscillator. 


A relaxation oscillator uses an RC timing circuit and a device that changes states to generate a 
periodic waveform. 


The frequency in a voltage-controlled oscillator (VCO) can be varied with a de control voltage. 


The 555 timer is an integrated circuit that can be used as an oscillator, in addition to many other 
applications. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


_ KEY FORMULAS 


Astable Characterized by having no stable states. 


Oscillator An electronic circuit that produces a periodic waveform on its output with only the dc 
supply voltage as an input. 


Positive feedback The return of a portion of the output signal to the input such that it reinforces 
and sustains the output. 


Voltage-controlled oscillator (VCO) A type of relaxation oscillator whose frequency can be var- 
ied by a dc control voltage. 


16-1 cut = 7 Wien-bridge positive feedback attenuation 
in 
16-2 i= ae Wien-bridge resonant frequency 
16-3 B= 5 Phase-shift feedback attenuation 
16-4 i= EE Phase-shift oscillator frequency 
16-5 i= ae Colpitts, Clapp, and Hartley approximate resonant frequency 
16-6 A, = sa Colpitts amplifier gain 


= CG 
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1 [_@ 
16-7 | a ——— or Colpitts resonant frequency 
 weVLCgV @ +1 
I, 


16-8 A, > L Hartley self-starting gain 
1 
16-9 ff 2 Armst tf 
= ———_— rmstrong resonant frequenc 
Qa VLpC1 : os 
16-10 f : (=) Triangul illator f 
= = riangular-wave oscillator frequenc 
* ARC \R3 ee 
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RC \V, — Ve — 
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16-12 ff, 555 astable frequency 


~ (Ry + 2R2)Coxt 
R, + Ry 


—— ]100% tabl 
R, + = 00% 555 astable 


16-13 Dutycycle = ( 


TRU E/FALSE QUIZ Answers can be found at www.pearsonhighered.com/floyd. 


= 


. Two categories of oscillators are feedback and relaxation. 

. A feedback oscillator uses only negative feedback. 

. Positive feedback is never used in an oscillator. 

. The net phase shift around the oscillator feedback loop must be zero. 

. The voltage gain around the closed feedback loop must be greater than | to sustain oscillations. 
. For start-up, the loop gain must be greater than 1. 

A Wien-bridge oscillator uses an RC circuit in the positive feedback loop. 


. The phase-shift oscillator utilizes RC circuits. 


eS Arntan Bw WN 


. The twin-T oscillator contains an LC feedback circuit. 


= 
— 


. Colpitts, Clapp, Hartley, and Armstrong are examples of LC oscillators. 


= 
an 


. The crystal oscillator is based on the photoelectric effect. 


— 
N 


. A relaxation oscillator uses no positive feedback. 


— 
io) 


. Most relaxation oscillators produce sinusoidal outputs. 


—_ 
> 


. VCO stands for variable-capacitance oscillator. 


— 
on 


. The 555 timer can be used as an oscillator. 


-CIRCU IT-ACTION QUIZ Answers can be found at www.pearsonhighered.com/floyd. 


1. If R, and R» are increased to 18k in Figure 16-12, the frequency of oscillation will 


(a) increase (b) decrease (c) not change 

2. If the feedback potentiometer Ry is adjusted to a higher value, the voltage gain in Figure 16-12 
will 
(a) increase (b) decrease (c) not change 


3. In Figure 16-14, if the Ry is decreased, the feedback attenuation will 
(a) increase (b) decrease (c) not change 

4. If the capacitors in Figure 16-14 are increased to 0.01 uF, the frequency of oscillation will 
(a) increase (b) decrease (c) not change 

5. In order to increase Vyrp in Figure 16-30, R3 must 
(a) increase (b) decrease (c) not change 

6. If the capacitor in Figure 16-30 opens, the frequency of oscillation will 


(a) increase (b) decrease (c) not change 
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7. If the value of R; in Figure 16—32 is decreased, the peak value of the sawtooth output will 
(a) increase (b) decrease (c) not change 
8. If the diode in Figure 16—40 opens, the duty cycle will 


(a) increase (b) decrease (c) not change 


SELF-TEST Answers can be found at www.pearsonhighered.com/floyd. 


Section 16-1 1. An oscillator differs from an amplifier because the oscillator 
(a) has more gain (b) requires no input signal 
(c) requires no dc supply (d) always has the same output 
Section 16-2 2. One condition for oscillation is 
(a) a phase shift around the feedback loop of 180° 
(b) a gain around the feedback loop of one-third 
(c) a phase shift around the feedback loop of 0° 
(d) a gain around the feedback loop of less than 1 
3. A second condition for oscillation is 
(a) no gain around the feedback loop 
(b) a gain of | around the feedback loop 
(c) the attenuation of the feedback circuit must be one-third 
(d) the feedback circuit must be capacitive 
4. Inacertain oscillator, A, = 50. The attenuation of the feedback circuit must be 
(a) 1 (b) 0.01 (c) 10 (d) 0.02 
5. For an oscillator to properly start, the gain around the feedback loop must initially be 
(a) | (b) less than | (c) greater than | (d) equal to B 
Section 16-3 6. Wien-bridge oscillators are based on 
(a) positive feedback (b) negative feedback 
(c) the piezoelectric effect (d) high gain 


7. Ina Wien-bridge oscillator, if the resistances in the positive feedback circuit are decreased, the 
frequency 


(a) decreases (b) increases (c) remains the same 
8. The Wien-bridge oscillator’s positive feedback circuit is 
(a) an RL circuit (b) an LC circuit 
(c) a voltage divider (d) a lead-lag circuit 
9. A phase-shift oscillator has 
(a) three RC circuits (b) three LC circuits 
(c) a T-type circuit (d) a 7-type circuit 
Section 16—4 10. Colpitts, Clapp, and Hartley are names that refer to 
(a) types of RC oscillators (b) inventors of the transistor 
(c) types of LC oscillators (d) types of filters 
11. The main feature of a crystal oscillator is 
(a) economy (b) reliability (c) stability (d) high frequency 
Section 16-5 12. An oscillator whose frequency is changed by a variable dc voltage is known as 
(a) acrystal oscillator (b) a VCO 
(c) an Armstrong oscillator (d) a piezoelectric device 
13. The operation of a relaxation oscillator is based on 
(a) the charging and discharging of a capacitor (b) a highly selective resonant circuit 


(c) avery stable supply voltage (d) low power consumption 
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PROBLEMS 


Section 16-1 


Section 16-2 


Section 16-3 


14. 


PROBLEMS ® 847 


Which one of the following is not an input or output of the 555 timer? 
(a) Threshold (b) Control voltage (c) Clock 
(d) Trigger (e) Discharge (f) Reset 


Answers to odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


The Oscillator 


1. 
2. 


What type of input is required for an oscillator? 


What are the basic components of an oscillator circuit? 


Feedback Oscillators 


3. 


If the voltage gain of the amplifier portion of an oscillator is 75, what must be the attenuation 
of the feedback circuit to sustain the oscillation? 


. Generally describe the change required in the oscillator of Problem 3 in order for oscillation to 


begin when the power is initially turned on. 


Oscillators with RC Feedback Circuits 


5. 


8. 


A certain lead-lag circuit has a resonant frequency of 3.5 kHz. What is the rms output voltage 
if an input signal with a frequency equal to f, and with an rms value of 2.2 V is applied to the 
input? 

Calculate the resonant frequency of a lead-lag circuit with the following values: R} = Ro = 6.2kQ, 
and Cy = Cy = 0.02 uF. 


. Determine the necessary value of R2 in Figure 16-57 so that the circuit will oscillate. Neglect 


the forward resistance of the zener diodes. (Hint: The total gain of the circuit must be 3 when 
the zener diodes are conducting.) 


Explain the purpose of R3 in Figure 16-57. 


Vout 


C Ry 
+ |-—w 


0.015 pF 1Oka 


Rs = Cy 
1.0kQ ae 0.015 uF 


A FIGURE 16-57 


9. 


10. 


For the Wien-bridge oscillator in Figure 16-58, calculate the setting for Ry, assuming the inter- 
nal drain-source resistance, rj,, of the JFET is 350 © when oscillations are stable. 


Find the frequency of oscillation for the Wien-bridge oscillator in Figure 16-58. 


848 ¢ OsciLLATORS 


» FIGURE 16-58 
Multisim file circuits are identified a C 
with a logo and are in the Problems 0.015 HF 
folder on the companion website. R 
Filenames correspond to figure 1.0k0, Vv 
numbers (e.g., F16-58). - 
@ 
1IN914 
2N5458 
Ry 1 OG 
10k0 0.015 uF 
Ry 
10kQ L 1.0 uF 


> FIGURE 16-59 


0.022 uF) 0.022 uF} 0.022 uF 
47kO S4.7k0 


Section 16—4 Oscillators with LC Feedback Circuits 


12. Calculate the frequency of oscillation for each circuit in Figure 16-60 and identify the type of 
oscillator. Assume Q > 10 in each case. 


» FIGURE 16-60 +10 V +9 V 
Ad ee 7 


5 mH C3 
1000 pF 


(a) 
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13. Determine what the gain of the amplifier stage must be in Figure 16-61 in order to have sus- 
tained oscillation. 


» FIGURE 16-61 


1 mH 


0.1 uF 


Section 16—5 _ Relaxation Oscillators 


14. What type of signal does the circuit in Figure 16-62 produce? Determine the frequency of the 
output. 


15. Show how to change the frequency of oscillation in Figure 16-62 to 10 kHz. 


16. Determine the amplitude and frequency of the output voltage in Figure 16-63. Use | V as the 
forward PUT voltage. 


17. Modify the sawtooth generator in Figure 16-63 so that its peak-to-peak output is 4 V. 


» FIGURE 16-62 Cc 


0.022 uF 


Vow 


» FIGURE 16-63 


0.0022 WF 


> 


18. A certain sawtooth generator has the following parameter values: Viy = 3 V,R = 4.7kQ, 
C = 0.001 uF. Determine its peak-to-peak output voltage if the period is 10 us. 
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» FIGURE 16-64 


Section 16—6 


The 555 Timer as an Oscillator 

19. What are the two comparator reference voltages in a 555 timer when Voc = 10 V? 

20. Determine the frequency of oscillation for the 555 astable oscillator in Figure 16-64. 
21. To what value must C,,, be changed in Figure 16-64 to achieve a frequency of 25 kHz? 


22. In an astable 555 configuration, the external resistor R; = 3.3kQ. What must R2 equal to 
produce a duty cycle of 75 percent? 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the companion website. 
23. Open file TSP16-23 and determine the fault. 

24. Open file TSP16-24 and determine the fault. 

25. Open file TSP16-25 and determine the fault. 

26. Open file TSP16-26 and determine the fault. 

27. Open file TSP16-27 and determine the fault. 

28. Open file TSP16-28 and determine the fault. 


17-1 Voltage Regulation 

17-2 Basic Linear Series Regulators 

17-3 Basic Linear Shunt Regulators 

17-4 _ Basic Switching Regulators 

17-5 Integrated Circuit Voltage Regulators 

17-6 Integrated Circuit Voltage Regulator Configurations 
Application Activity 


¢@ Describe the concept of voltage regulation 


¢@ Describe and analyze the operation of linear series 
regulators 


¢@ Describe and analyze the operation of linear shunt 
regulators 


¢ Discuss the principles of switching regulators 


5 


Discuss integrated circuit voltage regulators 
Describe applications of IC voltage regulators 


Regulator 
¢ Line regulation 


¢ Linear regulator 
@ Switching regulator 


Load regulation ¢@ Thermal overload 


In the Application Activity, the dc power supply from Chap- 
ter 3 is redesigned to produce a regulated variable output 
voltage from 9 V to 30 V. The company that manufactures 
the power supply will introduce it as a new line that can be 
preset to a specified voltage at the factory or adjusted by the 
customer to any desired value in the output voltage range. 


Study aids and Multisim files for this chapter are available at 
http://www. pearsonhighered.com/electronics 


A voltage regulator provides a constant dc output voltage 
that is essentially independent of the input voltage, output 
load current, and temperature. The voltage regulator is one 
part of a power supply. Its input voltage comes from the fil- 
tered output of a rectifier derived from an ac voltage or from 
a battery in the case of portable systems. 

Most voltage regulators fall into two broad categories: 
linear regulators and switching regulators. In the linear 
regulator category, two general types are the series regulator 
and the shunt regulator. These are normally available for 
either positive or negative output voltages. A dual regulator 
provides both positive and negative outputs. In the switching 
regulator category, three general configurations are step- 
down, step-up, and inverting. 

Many types of integrated circuit (IC) regulators are 
available. The most popular types of linear regulator are the 
three-terminal fixed voltage regulator and the three-terminal 
adjustable voltage regulator. Switching regulators are also 
widely used. In this chapter, specific IC devices are 
introduced as representative of the wide range of available 
devices. 
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17-1 VOLTAGE REGULATION 


Two basic categories of voltage regulation are line regulation and load regulation. The 
purpose of line regulation is to maintain a nearly constant output voltage when the 
input voltage varies. The purpose of load regulation is to maintain a nearly constant 
output voltage when the load varies. 


After completing this section, you should be able to 
2 Descri icept of voltage regulation 


Line Regulation 


When the ac input (line) voltage of a power supply changes, an electronic circuit called a 
regulator maintains a nearly constant output voltage, as illustrated in Figure 17-1. Line 
regulation can be defined as the percentage change in the output voltage for a given 
change in the input voltage. When taken over a range of input voltage values, line regula- 
tion is expressed as a percentage by the following formula: 


; ; . _ (AVour 
Equation 17-1 Line regulation = | ——— ]100% 
AVin 


Line regulation can also be expressed in units of %/V. For example, a line regulation of 
0.05%/V means that the output voltage changes 0.05 percent when the input voltage in- 
creases or decreases by one volt. Line regulation can be calculated using the following for- 
mula (A means “a change in”): 


(AVour/Vour)100% 
AVin 


MIT, 
| WV! Wy) 


Equation 17-2 Line regulation = 


» FIGURE 17-1 


2 ok Ay ' 
Line regulation. A change in input OZ 


(line) voltage does not significantly Poe 
affect the output voltage of a 
regulator (within certain limits). 


Voltage 
regulator 


Vin O 


(from rectifier/filter) 


Decrease 
(or increase) 
in input voltage 


No significant change 
in output voltage 


Voltage 
regulator 


Vin O O Vout 


(from rectifier/filter) 
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EXAMPLE 17-1 When the ac input voltage of a certain power supply changes, the input to the voltage 
regulator decreases by 5 V as a result, and the output of the regulator decreases by 
0.25 V. The nominal output is 15 V. Determine the line regulation in %/V. 


Solution The line regulation as a percentage change per volt is 


(AVour/Vour)100% _ (0.25 V/15 V)100% 


line regulation = 
2 Ave 


= 0.333%/V 


Related Problem — The input of a certain regulator increases by 3.5 V. As a result, the output voltage in- 
creases by 0.42 V. The nominal output is 20 V. Determine the regulation in %/V. 


* Answers can be found at www.pearsonhighered.com/floyd. 


Load Regulation 


When the amount of current through a load changes due to a varying load resistance, the 
voltage regulator must maintain a nearly constant output voltage across the load, as illus- 
trated in Figure 17-2. 


Vin 0 Voltage 
regulator 


Vin O-—— Voltage 
regulator 
Increase 4 
L (or decrease) =< Rx = 


A FIGURE 17-2 


Load regulation. A change in load current has practically no effect on the output voltage of a regula- 
tor (within certain limits). 


Load regulation can be defined as the percentage change in output voltage for a given 
change in load current. One way to express load regulation is as a percentage change in 
output voltage from no-load (NL) to full-load (FL). 


Veit — Vei 


100% 
VeL ) 


Load regulation = ( 
Alternately, the load regulation can be expressed as a percentage change in output voltage 
for each mA change in load current. For example, a load regulation of 0.01%/mA means 


that the output voltage changes 0.01 percent when the load current increases or decreases 
1 mA. 


Equation 17-3 
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EXAMPLE 17-2 


Solution 


Related Problem 


A certain voltage regulator has a 12 V output when there is no load (J, = 0).When 
there is a full-load current of 10 mA, the output voltage is 11.9 V. Express the voltage 
regulation as a percentage change from no-load to full-load and also as a percentage 
change for each mA change in load current. 


The no-load output voltage is 
Vy = 12V 
The full-load output voltage is 
Var = 11.9V 


The load regulation as a percentage change from no-load to full-load is 


Vo, 12v— 11.9V 
load regulation = ( a "100% = ( 100% = 0.840% 
vay 11L.9V 


The load regulation can also be expressed as a percentage change per milliamp as 


0.840% 
10mA 


load regulation = = 0.084 %/mA 


where the change in load current from no-load to full-load is 10 mA. 


A regulator has a no-load output voltage of 18 V and a full-load output of 17.8 V ata 
load current of 50 mA. Determine the voltage regulation as a percentage change from 
no-load to full-load and also as a percentage change for each mA change in load current. 


Sometimes power supply manufacturers specify the equivalent output resistance of a 
power supply (Roy) instead of its load regulation. Recall that an equivalent Thevenin cir- 
cuit can be drawn for any two-terminal linear circuit. Figure 17—3 shows the equivalent 
Thevenin circuit for a power supply with a load resistor. The Thevenin voltage is the volt- 
age from the supply with no load (Vy), and the Thevenin resistance is the specified output 
resistance, Royr. Ideally, Rout is zero, corresponding to 0% load regulation, but in practi- 
cal power supplies Royr is a small value. With the load resistor in place, the output voltage 
is found by applying the voltage-divider rule: 


out = VNL 
Rout + Rr 


> FIGURE 17-3 Rue 


Ry 
Thevenin equivalent circuit for a Vour= Vx oo 

ry ry OUT Ls 
power supply with a load resistor. 


Vero = Vi = Ry, 


If we let Rp, equal the smallest-rated load resistance (largest-rated current), then the 
full-load output voltage (Vp) is 


Rey 
Ve_ = Van ) 
Rout + Re 
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By rearranging and substituting into Equation 17-3, 


Rout + Rei 
VL = Val R 
FL 
R +R 
V, ( out =) Va 
Load regulation = we x 100% 
VeL 
R + R 
( i. 1 )100% 
Re 
R : . 
Load regulation = (Fox \r00% Equation 17—4 
FL 


Equation 17—4 is a useful way of finding the percent load regulation when the output 
resistance and minimum load resistance are specified. 


pply has an output resistance of 80 mQ. and a specified maximum 
A, what is the load regulation? Give the result as a % and 


17—2 Basic LINEAR SERIES REGULATORS 


The fundamental classes of voltage regulators are linear regulators and switching regu- 
lators. Both of these are available in integrated circuit form. Two basic types of linear 
regulator are the series regulator and the shunt regulator. 


After completing this section, you should be able to 


4 Describe and analyze the operation of linear series regulators 
a Explain regulating action 
¢ Determine the closed-loop gain ¢ Determine the output voltage 
4 Discuss overload protection 
¢ Explain constant-current limiting * Determine the maximum load current 
4 Discuss fold-back current limiting 


A simple representation of a series type of linear regulator is shown in Figure 
17—4(a), and the basic components are shown in the block diagram in Figure 17—4(b). The 
control element is a pass transistor in series with the load between the input and output. 
The output sample circuit senses a change in the output voltage. The error detector com- 
pares the sample voltage with a reference voltage and causes the control element to 
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Vin © 0 Vour 
Reference Sample 
~ Series . voltage circuit 
ad regulator ey 
(a) (b) 
A FIGURE 17-4 
Simple series voltage regulator and block diagram. 
compensate in order to maintain a constant output voltage. A basic op-amp series regulator 
is shown in Figure 17-5. 
» FIGURE 17-5 Control element 
Basic op-amp series regulator. Vin © ? © Vour 
= R, Q) 
VREF 
Error detector » 
bk Sample 
circuit 
R; 
Regulating Action 


The operation of the series regulator is illustrated in Figure 17—6 and is as follows. The re- 
sistive voltage divider formed by R» and R3 senses any change in the output voltage. When 
the output tries to decrease, as indicated in Figure 17—6(a), because of a decrease in Vjjy or 
because of an increase in J; caused by a decrease in R;, a proportional voltage decrease is 
applied to the op-amp’s inverting input by the voltage divider. Since the zener diode (D;) 
holds the other op-amp input at a nearly constant reference voltage, Vppp, a small differ- 
ence voltage (error voltage) is developed across the op-amp’s inputs. This difference volt- 
age is amplified, and the op-amp’s output voltage, Vg, increases. This increase is applied to 
the base of Q;, causing the emitter voltage Voyr to increase until the voltage to the invert- 
ing input again equals the reference (zener) voltage. This action offsets the attempted de- 
crease in output voltage, thus keeping it nearly constant. The power transistor, Q), is 
usually used with a heat sink because it must handle all of the load current. 

The opposite action occurs when the output tries to increase, as indicated in Figure 
17-6(b). The op-amp in the series regulator is actually connected as a noninverting ampli- 
fier where the reference voltage Vppr is the input at the noninverting terminal, and the 
R>/R3 voltage divider forms the negative feedback circuit. The closed-loop voltage gain is 


Ry 
Agi = 1 + — 
R3 
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Decreases Increases 


| ST 77) 
Vin | 


yy 
| IN ] 


ROW 
[eu] 
© 8 


(a) When Vjy or R; decreases, Voyry attempts to decrease. The feedback (b) When Vjy or R; increases, Voy attempts to increase. The feedback 
voltage, Vpp, also attempts to decrease, and as a result, the op-amp’s voltage, Vp, also attempts to increase, and as a result, Vp, applied to 
output voltage V, attempts to increase, thus compensating for the the base of the control transistor, attempts to decrease, thus 
attempted decrease in Voy by increasing the Q, emitter voltage. compensating for the attempted increase in Voyy by decreasing the Q, 
Changes in Voyr are exaggerated for illustration. emitter voltage. 

When Vyx (or R,) stabilizes at its new lower value, the voltages When Vjy (or R;) stabilizes at its new higher value, the voltages 
return to their original values, thus keeping Voy constant as a result return to their original values, thus keeping Voyr constant as a 
of the negative feedback. result of the negative feedback. 


A FIGURE 17-6 


Illustration of series regulator action that keeps Voyy constant when Vjy or R,; changes. 


Therefore, the regulated output voltage of the series regulator (neglecting the base-emitter 
voltage of Q)) is 


Ry 
Vour = \1 + 2 Veer 
3 
From this analysis, you can see that the output voltage is determined by the zener 
voltage and the resistors Rj and R3. It is relatively independent of the input voltage, and 
therefore, regulation is achieved (as long as the input voltage and load current are within 
specified limits). 


Equation 17-5 


EXAMPLE 17-3 Determine the output voltage for the regulator in Figure 17—7. 


» FIGURE 17-7 
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Solution 


Related Problem 


Veer = 5.1 V, the zener voltage. The regulated output voltage is therefore 


Ro 10kQ 
= || il ae = |{ il se Ave —1(2)5.0 Vi — 10:2 
Vout ( War ( ous (2)5 0.2 V 


The following changes are made in the circuit in Figure 17—7: A 3.3 V zener replaces 
the 5.1 V zener, Ry = 1.8k0,, Ry = 22kQ, and R3 = 18 kQ. What is the output 
voltage? 


Open the Multisim file E17-03 in the Examples folder on the companion website. 
Measure the output voltage with 15 V dc applied to the input. Compare to the 
calculated value. 


Equation 17-6 


Short-Circuit or Overload Protection 


If an excessive amount of load current is drawn, the series-pass transistor can be quickly 
damaged or destroyed. Most regulators use some type of excess current protection in the 
form of a current-limiting mechanism. Figure 17—8 shows one method of current limiting 
to prevent overloads called constant-current limiting. The current-limiting circuit consists 


of transistor Q, and resistor R4. 


o Vout 


Current limiter 


A FIGURE 17-8 


Series regulator with constant-current limiting. 


The load current through R4 produces a voltage from base to emitter of Q.. When J, 
reaches a predetermined maximum value, the voltage drop across Ry is sufficient to 
forward-bias the base-emitter junction of Q», thus causing it to conduct. Enough op-amp 
output current is diverted through Q> to reduce the Q base current, so that J, is limited to 
its maximum value, I,(max). Since the base-to-emitter voltage of Qj cannot exceed ap- 
proximately 0.7 V, the voltage across Ry, is held to this value, and the load current is lim- 


ited to 


0.7V 
Ty anax) = Ry 
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EXAMPLE 17-4 Determine the maximum current that the regulator in Figure 17—9 can provide to a load. 


® FIGURE 17-9 


0.7V  07V 


Solution it qnex) Ri 109 0.7A 


Related Problem If the output of the regulator in Figure 17-9 is shorted, what is the current? 


Regulator with Fold-Back Current Limiting 


In the previous current-limiting technique, the current is restricted to a maximum constant 
value. Fold-back current limiting is a method used particularly in high-current regulators 
whereby the output current under overload conditions drops to a value well below the peak 
load current capability to prevent excessive power dissipation. 

The basic concept of fold-back current limiting is as follows, with reference to Figure 
17-10. The circuit in the green-shaded area is similar to the constant current-limiting 
arrangement in Figure 17—8, with the exception of resistors R5 and Ro. The voltage drop 
developed across Ry by the load current must not only overcome the base-emitter voltage 
required to turn on Qo, but it must also overcome the voltage across Rs. That is, the voltage 
across R4 must be 


Vra = Vrs + Vee 


+Vin Vout 


A FIGURE 17-10 


Series regulator with fold-back current limiting. 
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In an overload or short-circuit condition, the load current increases to a value, IL (max), 
that is sufficient to cause Q> to conduct. At this point the current can increase no further. 
The decrease in output voltage results in a proportional decrease in the voltage across Rs; 
thus, less current through Ry is required to maintain the forward-biased condition of Q. 
So, as Voyr decreases, J, decreases, as shown in the graph of Figure 17-11. 


> FIGURE 17-11 A 


Fold-back current limiting (output Yout 


voltage versus load current). 


7 > Load current 


short circuit Tmax) 


The advantage of this technique is that the regulator is allowed to operate with peak 
load current up to {(max); but when the output becomes shorted, the current drops to a 
lower value to prevent overheating of the device. 


rtain series regulator has an output voltage of 8 V. If the op-amp’s closed loop 
4, what is the value of the reference voltage? 


17-3 Basic LINEAR SHUNT REGULATORS 


The second basic type of linear voltage regulator is the shunt regulator. As you 
have learned, the control element in the series regulator is the series-pass transistor. 
In the shunt regulator, the control element is a transistor in parallel (shunt) with 
the load. 


After completing this section, you should be able to 


4 Describe and analyze the operation of linear shunt regulators 
¢ Determine the maximum load current ¢ Compare series and shunt regulators 


A simple representation of a shunt type of linear regulator is shown in Figure 17—12(a), 
and the basic components are shown in the block diagram in part (b). 

In the basic shunt regulator, the control element is a transistor, Q;, in parallel with the 
load, as shown in Figure 17-13. A resistor, Rj, is in series with the load. The operation of 
the circuit is similar to that of the series regulator, except that regulation is achieved by 
controlling the current through the parallel transistor Q). 

When the output voltage tries to decrease due to a change in input voltage or load cur- 
rent caused by a change in load resistance, as shown in Figure 17—14(a), the attempted 
decrease is sensed by R3 and Ry and applied to the op-amp’s noninverting input. The 
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Vin © 


0 Vour 


(a) 
A FIGURE 17-12 


(b) 


Reference 
voltage 


Error 
detector 


Sample 


circuit 


Simple shunt regulator and block diagram. 


Vout 
Vin O AM, ° © ° 
Ry 
Ky Error detector é 7 
ontro 
VREF element 


Q, 


zn 


A FIGURE 17-13 


Sample 
circuit 


Basic op-amp shunt regulator with load resistor. 


Decreases 


increases 


(a) Response to a decrease in Vjxy or Ry 


A FIGURE 17-14 


Increases 


increases 


decreases 


Vpp increases 


(b) Response to an increase in Vj or R, 


Sequence of responses when Voyz tries to decrease as a result of a decrease in R, or Vix (opposite 


responses for an attempted increase). 


862 


@ VOLTAGE REGULATORS 


Equation 17-7 


resulting difference voltage reduces the op-amp’s output (Vg), driving Q, less, thus re- 
ducing its collector current (shunt current) and increasing the collector voltage. Thus, the 
original decrease in voltage is compensated for by this increase, keeping the output nearly 
constant. 

The opposite action occurs when the output tries to increase, as indicated in Figure 
17-14(b). With 7, and Voyr constant, a change in the input voltage produces a change in 
shunt current (/;) as follows (A means “a change in”): 


With a constant Vjy and Voyr, a change in load current causes an opposite change in shunt 
current. If J, increases, J, decreases, and vice versa. 


Als = —Afk, 


The shunt regulator is less efficient than the series type but offers inherent short-circuit 
protection. If the output is shorted (Voyr = 0), the load current is limited by the series re- 
sistor R; to a maximum value as follows [gs = 0). 


_ Vin 
Ty max) = Ry 


EXAMPLE 17-5 


® FIGURE 17-15 


Solution 


In Figure 17-15, what power rating must R, have if the maximum input voltage is 
IDES Ve), 


0 Vour 


The worst-case power dissipation in R, occurs when the output is short-circuited and 
Vout = 0. When Vin = 12.5 V, the voltage dropped across R, is 


Vri = Vin aa Vout = 12.5V 
The power dissipation in R is 


Ver (12.5 V)* 


P —_— 
ce DAG) 


= 7.10 W 


Therefore, a resistor with a rating of at least 10 W should be used. This illustrates that 
a major disadvantage of this type of regulator is the power wasted in R,, which makes 
the regulator inefficient. 
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Related Problem In Figure 17-15, R, is changed to 33 . What must be the power rating of R, if the 
maximum input voltage is 24 V? 


Open the Multisim file E17-05 in the Examples folder on the companion website. 
Measure the output voltage with 15 V applied to the input. 


1. How does the control element in a shunt regulator differ from that in a series regulator? 
2. What is one advantage of a shunt regulator over a series type? What is a disadvantage? 


17-4 BAsic SWITCHING REGULATORS 


The two types of linear regulators, series and shunt, have control elements (transistors) 
that are conducting all the time, with the amount of conduction varied as demanded by 
changes in the output voltage or current. The switching regulator is different because 
the control element operates as a switch. 


After completing this section, you should be able to 


o 


Discuss the principles of switching regulators 

Describe the step-down configuration of a switching regulator 
¢ Determine the output voltage of the step-down configuration 
Describe the step-up configuration of a switching regulator 
Describe the voltage-inverter configuration 


o 


ee 


A much greater efficiency can be realized with a switching type of voltage regulator 
than with the linear types because the transistor switches on and off and dissipates power 
only when it is on. In a linear regulator, the transistor is always on and constantly dissipates 
power because the transistor looks like a variable resistor. This causes heat to be generated 
and wastes power. In a switching regulator, the transistor operates only on the ends of 
the load line except during the very short switching time. As a result, efficiencies can be 
greater than 90%. Switching regulators are particularly useful where efficiency is impor- 
tant, such as for computers. An efficient converter avoids excessive heat, which can de- 
stroy electronic components. 

Switching regulators are designed for various power levels. They range in power levels 
from less than one watt for some battery-operated portable equipment to hundreds and thou- 
sands of watts in major applications. The requirements for the application determine the 
particular design, but all switching regulators require feedback to control the on-off time for 
the switch. Three basic configurations of switching regulators are step-down, step-up, and 
inverting. In some cases, such as a laptop computer, all three types may be employed for 
various parts of the system; for example, the display typically will use an inverting type, the 
microprocessor would use a step-down type, and the disk drive may use a step-up type. 


Step-Down Configuration 


In the step-down configuration (also called a buck converter), the output voltage is always 
less than the input voltage. The basic idea for a step-down type is shown in the simplified 
circuit shown in Figure 17—16. The basic control element is a high-speed switch, which 
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> FIGURE 17-16 


Simplified step-down regulator. 


> FIGURE 17-17 


A basic step-down switching regulator. 
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Vour 
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Vin | 
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opens and closes rapidly from a control circuit that senses the output, and it adjusts the on- 
time and the off-time to keep the desired output. When the switch is closed, the diode is off 
and the magnetic field of the inductor builds, storing energy. When the switch opens, the 
magnetic field collapses, keeping nearly constant current in the load. A path for the load 
current is provided through the forward-biased diode (as long as the load resistance is not 
too large). The capacitor smoothes the dc to a nearly constant level. 

Let’s look at the circuit, including the switching device, in more detail. The switch 
turns on and off the input voltage at a rapid rate and with a duty cycle that is based on the 
regulator’s load requirement. Figure 17—17 shows a basic step-down switching regulator 
using a D-MOSFET switching transistor. MOSFET transistors can switch faster than 
BJTs and have been improved in recent years, so they have become the preferred type of 
switching device, provided that the off-state voltage is not too high. As in most elec- 
tronic devices, there are trade-offs for designers in choosing a switching device. 
Differences in break-down voltage, on-state resistance, and switching time must all be 
considered for a given design. In addition to transistor switches, you may see thyristors 
used occasionally. 


Vin © 


Variable — 
pulse-width 
modulator 


The pulsed current from the transistor switch is smoothed by an LC filter. The inductor 
tries to keep current constant, and the capacitor tends to keep voltage constant. Ideally, 
these components do not dissipate power, but in practice some loss is encountered due to 
various factors. To avoid requiring large (and expensive) inductors and capacitors, the 
switching frequency is selected to be much higher than the utility frequency; 20 kHz is 
common. The drawback to higher frequencies is electrical noise. Switching power supplies 
can radiate harmonic frequency noise to nearby circuits, so they need to be well shielded 
and frequently require EMI (electromagnetic interference) filters. Since the switching de- 
vice spends most of its time either in cutoff or saturation, the power lost in the control ele- 
ment is usually relatively small (although instantaneous power dissipated in the switching 
device can be large). 

The on and off intervals of Q, are shown in the waveform of Figure 17—18(a). For an 
n-channel D-MOSFET, the control voltage swings between a negative value (off) to a posi- 
tive value (on). The capacitor charges during the on-time (f,,) and discharges during the 
off-time (tos). When the on-time is increased relative to the off-time, the capacitor charges 
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(b) Increase the duty cycle and Voy increases. 


Q| 
on/off ton lott lon lott ton lore ton 
control 
A 
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| 
Vout ; = 
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(c) Decrease the duty cycle and Voy decreases. 


A FIGURE 17-18 


Switching regulator waveforms. The Vc waveform is shown for no inductive filtering to illustrate the 
charge and discharge action (ripple). L and C smooth V_- to a nearly constant level, as indicated by the 
dashed line for Voyt- 


more, thus increasing the output voltage, as indicated in Figure 17—18(b). When the on-time 
is decreased relative to the off-time, the capacitor discharges more, thus decreasing the out- 
put voltage, as in Figure 17—18(c). The inductor further smoothes the fluctuations of the 
output voltage caused by the charging and discharging action. 

Ideally, the output voltage is expressed as 


‘x ) 
Vi =|—]V, 
OUT ( T IN 


T is the period of the on-off cycle of Q, and is related to the frequency by T = 1/f. The 
period is the sum of the on-time and the off-time. 


T= ton + lott 


As you know, the ratio f9,/T is called the duty cycle. 

The regulating action is as follows and is illustrated in Figure 17-19. When Voyr tries 
to decrease, the on-time of Q, is increased, causing an additional charge on C to offset the 
attempted decrease. When Voy tries to increase, the on-time of Q, is decreased, causing 
the capacitor to discharge enough to offset the attempted increase. 


Step-Up Configuration 


A basic step-up type of switching regulator (sometimes called a boost converter) is shown 
in Figure 17—20, where transistor Q; operates as a switch to ground. 


Equation 17-8 


5 
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» FIGURE 17-19 


Basic regulating action of a step- 
down switching regulator. 


> FIGURE 17-20 


Basic step-up switching regulator. 
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(a) When Voy attempts to decrease, the on-time of Q, increases. 


Q; 
Vin O 
+ Pa Pa 
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(b) When Voy attempts to increase, the on-time of Q, decreases. 


Vin oO 


TT. 
il 


Variable 
pulse-width 
modulator 


The switching action is illustrated in Figures 17—21 and 17-22. When Q, turns on, a 
voltage equal to approximately Vj, is induced across the inductor with a polarity as indicated 
in Figure 17—21. During the on-time (f,,) of Q), the inductor voltage, V;, decreases from 
its initial maximum and diode D, is reverse-biased. The longer Q, is on, the smaller V; be- 
comes. During the on-time, the capacitor only discharges an extremely small amount 
through the load. 

When Q, turns off, as indicated in Figure 17—22, the inductor voltage suddenly reverses 
polarity and adds to Vij, forward-biasing diode D, and allowing the capacitor to charge. 


BASIC SWITCHING REGULATORS 


Initially, V; jumps 
to Vij when Q, 


V, decreases 
IN while Q, is on. 


turns on. 
+ + 
+ 
Vin © 0 Vour 


Variable 
pulse-width 
modulator 


0 
,( V, reverses polarity and D, is forward-biased 
when Q, turns off. V; adds to Vjy, charging 
C to a voltage greater than Vij. 
+ Vi ZI + 
Vino ° SUKI 0 Vout = Vin + Vi 


+ — 
>| 
Q, C charging 


pulse-width enabate 


modulator 


¢ 
-~ D, R; 


The output voltage is equal to the capacitor voltage and can be larger than Vy because the 
capacitor is charged to Vjy plus the voltage induced across the inductor during the off-time 
of Q;. The output voltage is dependent on both the inductor’s magnetic field action (deter- 
mined by f,,) and the charging of the capacitor (determined by for). 

Voltage regulation is achieved by the variation of the on-time of Q; (within certain lim- 
its) as related to changes in Voyr due to changing load or input voltage. If Vout tries to in- 
crease, the on-time of Q; will decrease, resulting in a decrease in the amount that C will 
charge. If Vour tries to decrease, the on-time of Q; will increase, resulting in an increase 
in the amount that C will charge. This regulating action maintains Voy at an essentially 
constant level. 


Voltage-Inverter Configuration 


A third type of switching regulator produces an output voltage that is opposite in polarity 
to the input. A basic diagram is shown in Figure 17-23. This is sometimes called a buck- 
boost converter. 
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<@ FIGURE 17-21 


Basic action of a step-up regulator 
when Q, is on. 


<@ FIGURE 17-22 


Basic switching action of a step-up 
regulator when Q, turns off. 
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> FIGURE 17-23 D, 2p 
OUT 
Basic inverting switching regulator. +Vin O—® © 0 
Variable = & <, 
= R, pulse-width 
modulator 


Ke. 


When Q, turns on, the inductor voltage jumps to approximately Vin — Veg (sat) and the 
magnetic field rapidly expands, as shown in Figure 17—24(a). While Q, is on, the diode is 
reverse-biased and the inductor voltage decreases from its initial maximum. When Q, 
turns off, the magnetic field collapses and the inductor’s polarity reverses, as shown in 
Figure 17—24(b). This forward-biases the diode, charges C, and produces a negative output 
voltage, as indicated. The repetitive on-off action of Q, produces a repetitive charging and 
discharging that is smoothed by the LC filter action. 


> FIGURE 17-24 


Basic inverting action of an inverting 
switching regulator. 
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(b) When Q, turns off, D, forward biases. 


As with the step-up regulator, the less time Q, is on, the greater the output voltage is, 
and vice versa. This regulating action is illustrated in Figure 17-25. 
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(a) When —Voyr tries to decrease, f,, decreases, causing V; to increase. This compensates for the attempted 
decrease in —Voyr.- 


—Vour tries to increase 


(77) 
Is Vout H 


Variable 
pulse-width 
modulator 


(b) When —Voyry tries to increase, f,, increases, causing V, to decrease. This compensates for the attempted 


increase in —Voyr. 


<@ FIGURE 17-25 


Basic regulating action of an invert- 
ing switching regulator. 


17—5 INTEGRATED CIRCUIT VOLTAGE REGULATORS 


In the previous sections, the basic voltage regulator configurations were presented. 
Several types of both linear and switching regulators are available in integrated circuit 
(IC) form. Generally, the linear regulators are three-terminal devices that provide 
either positive or negative output voltages that can be either fixed or adjustable. In 
this section, typical linear and switching IC regulators are introduced. 


After completing this section, you should be able to 


4 Discuss integrated circuit voltage regulators 
4 Discuss fixed positive linear voltage regulators 
¢ Describe the 78XX regulators + Explain thermal overload 
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Fixed Positive Linear Voltage Regulators 


Although many types of IC regulators are available, the 78XX series of IC regulators is 
representative of three-terminal devices that provide a fixed positive output voltage. The three 
terminals are input, output, and ground as indicated in the standard fixed voltage configura- 
tion in Figure 17—26(a). The last two digits in the part number designate the output voltage. 
For example, the 7805 is a +5.0 V regulator. For any given regulator, the output voltage can 
be as much as +4% of the nominal output. Thus, a 7805 may have an output from 4.8 V to 
5.2 V but will remain constant in that range. Other available output voltages are given in 
Figure 17—26(b) and common packages are shown in part (c). 


sd wa Type number Output voltage 
Positive 7 78XX = Positive 


input output 


(a) Standard configuration 


(b) The 78XX series 
Pin 1. Input 
2. Ground 
3. Output 
Heatsink surface Heatsink surface (shown as terminal 4 in 
connected to Pin 2. case outline drawing) is connected to Pin 2. 
(c) Typical packages 


A FIGURE 17-26 


The 78XX series three-terminal fixed positive voltage regulators. 


Capacitors, although not always necessary, are sometimes used on the input and output 
as indicated in Figure 17—26(a). The output capacitor acts basically as a line filter to im- 
prove transient response. The input capacitor filters the input and prevents unwanted oscil- 
lations when the regulator is some distance from the power supply filter such that the line 
has a significant inductance. 

The 78XX series can produce output currents up to in excess of 1 A when used with an 
adequate heat sink. The input voltage must be approximately 2.5 V above the output volt- 
age in order to maintain regulation. The circuits have internal thermal overload protection 
and short-circuit current-limiting features. Thermal overload occurs when the internal 
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power dissipation becomes excessive and the temperature of the device exceeds a certain 
value. Almost all applications of regulators require that the device be secured to a heat sink 
to prevent thermal overload. 


Fixed Negative Linear Voltage Regulators 


The 79XX series is typical of three-terminal IC regulators that provide a fixed negative out- 
put voltage. This series is the negative-voltage counterpart of the 78XX series and shares 
most of the same features and characteristics except the pin numbers are different than the 
positive regulators. Figure 17—27 indicates the standard configuration and part numbers 
with corresponding output voltages that are available. 


Type number Output voltage 


7905 
7905.2 
7906 
7908 
7912 
7915 
7918 
7924 


Negative 2 


5 Negative 
input 


output 


(a) Standard configuration (b) The 79XX series 


A FIGURE 17-27 


The 79XX series three-terminal fixed negative voltage regulators. 


Adjustable Positive Linear Voltage Regulators 


The LM317 is an example of a three-terminal positive regulator with an adjustable output 
voltage. The standard configuration is shown in Figure 17—28. The capacitors are for de- 
coupling and do not affect the de operation. Notice that there is an input, an output, and an 
adjustment terminal. The external fixed resistor R,; and the external variable resistor R> 
provide the output voltage adjustment. Voyry can be varied from 1.2 V to 37 V depending 
on the resistor values. The LM317 can provide over 1.5 A of output current to a load. 


Positive 


‘ Positive 
input 


output 


Adjustment 


‘iy 


The LM317 is operated as a “floating” regulator because the adjustment terminal is not 
connected to ground, but floats to whatever voltage is across R. This allows the output 
voltage to be much higher than that of a fixed-voltage regulator. 


C3 


Basic Operation As indicated in Figure 17-29, a constant 1.25 V reference voltage (Ver) 
is maintained by the regulator between the output terminal and the adjustment terminal. This 
constant reference voltage produces a constant current (/pgp) through Rj, regardless of the 
value of R>. [ppp is also through R>. 


_ Vege _ 1.25V 
R, Ry 


TREF 


5.0 V 
5.2V 
-6.0V 
-8.0 V 
-12.0V 
-15.0V 
-18.0V 
24.0 V 


<@ FIGURE 17-28 


The LM317 three-terminal adjustable 
positive voltage regulator. 
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» FIGURE 17-29 


Operation of the LM317 adjustable 
positive voltage regulator. 


Equation 17-9 


There is a very small constant current at the adjustment terminal of approximately 50 uA 
called I,pj, which is through R>. A formula for the output voltage is developed as follows. 


Vout = Vai + Vro = IRepRy + IRerR2 + TapsR2 


_ VREF 
TrpF(Ry + Ro) + TapyRo = ee (Ry + Ro) + TapsRo 
1 


Ry 
Vour = Vese( 1 + =) + IgpyR2 


As you can see, the output voltage is a function of both R,; and R5. Once the value of R, is 
set, the output voltage is adjusted by varying Rp. 


EXAMPLE 17-6 


» FIGURE 17-30 


Solution 


Related Problem 


Determine the minimum and maximum output voltages for the voltage regulator in 
Figure 17—30. Assume I,p; = 50 pA. 


me kQ, (max) 


Vri = VREF = 1.25V 


When R; is set at its minimum of 0 0, 


Ry 
Vout min) = Vaer( | ar =) ate TaxpyRo = 1.25 V(1) = 1.25V 


When R> is set at its maximum of 5kQ, 


) + (50 WA) 5kO 


Ry 5kO 
Vout¢max) = Vrer| 1 + R + InpsRo = 1.25 Vt 1 + aan 


= 29.66 V + 0.25 V = 29.9V 


What is the output voltage of the regulator if R> is set at2kQ? 
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Adjustable Negative Linear Voltage Regulators 


The LM337 is the negative output counterpart of the LM317 and is a good example of this 
type of IC regulator. Like the LM317, the LM337 requires two external resistors for output 
voltage adjustment as shown in Figure 17—31. The output voltage can be adjusted from 
—1.2 V to —37 V, depending on the external resistor values. The capacitors are for decou- 
pling and do not affect the de operation. 


Negative 
output 


Negative * 
input 


% 


Switching Voltage Regulators 


There are many integrated circuit switching regulators available. The two used as typical ex- 
amples are the ADP1612/ADP1613 step-up (boost) regulator and the ADP2300/ADP2301 
step-down (buck) regulator. The basic operation was explained earlier in the chapter. 


The Step-Up Switching Regulator The step-up regulator configuration using an 
ADP1612/ADP1613 is shown in Figure 17—32(a). The ADP1612 and the ADP1613 are es- 
sentially the same except for their switching frequency, which is used in the pulse-width 
modulation (PWM) operation. 


ADP1612/ 
ADP1613 
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<@ FIGURE 17-31 


The LM337 three-terminal adjustable 
negative voltage regulator. 
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— ADP1612, Voyp= 12 V 
— ADP1612, Voyp = 15 V 


Cour 


(a) (b) 
A FIGURE 17-32 


Step-up configuration and efficiency vs. current graph. 


This regulator operates with PWM and exhibits an efficiency of up to 94% at the higher 
switch frequency, depending on the output current and voltage, as shown by the graphs in 
Figure 17—32(b). Notice that as the load current increases, the efficiency increases. The 
output voltage has a much smaller effect. The operating frequency of the PWM is pin- 
selectable for 650 kHz or 1.3 MHz. The lower frequency results in better efficiency, and 


— ADP1613, Voyp= 12 V 
— ADP1613, Voyr= 15 V 


100 


Load current (mA) 
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3.0 V to 20 V 


(a) 


ADP2300/ 
ADP2301 


the higher frequency allows the use of smaller external components. For the 650 kHz oper- 
ation, pin 7 (FREQ) is connected to ground or left open (floating for default). For the 1.3 MHz 
operation, pin 7 is connected to VIN (pin 6). The input voltage range is 1.8 V to 5.5 V and 
the output voltage can be as high as 20 V. 

This device has thermal shutdown (TSD) protection in case the temperature exceeds 
150°C and turns back on when the temperature drops to 130°C. Also, the under-voltage 
lock-out (UVLO) feature prevents erratic output voltages if the input voltage falls below a 
minimum value. 

The capacitor connected to pin 8 (soft start) prevents a large inrush of current when the 
device is first turned on. The EN input (pin 3) turns the regulator on or off. The COMP input 
(pin 1) requires a series RC circuit for compensation. The FB input (pin 2) is connected to a 
voltage divider to provide feedback for output voltage control. An inductor is connected 
from the input to SW (switching output, pin 5), and a rectifier diode is connected from SW 
to the output voltage. Notice the diode in this case is a Schottky diode for faster switching. 


The Step-Down Switching Regulator The step-down regulator configuration using an 
ADP2300/ADP2301 is shown in Figure 17—33(a). The ADP2300 and the ADP2301 are 
essentially the same except for their switching frequency. Unlike the ADP1612/ADP1613, 
this device does not have pin-selectable frequencies. Instead, each has a fixed internal 
oscillator with a frequency of 700 kHz for the ADP2300 and 1.4 MHz for the ADP2301. 


Efficiency (%) 
co 
So 


Vin =12V 
Vout =5.0V 


0.2 0.4 0.6 0.8 1.0 12 
Tour (A) 


(b) 
A FIGURE 17-33 


Step-down configuration and efficiency vs. current graph. 


This device has thermal shutdown (TSP) protection in case temperature exceeds 140°C 
and turns back on when the temperature drops to 150°C. Also, it has an under-voltage 
lock-out (UVLO) feature and short-circuit protection. 

This regulator operates with PWM and exhibits an efficiency of up to 91%, depending 
on the output current, as shown by the graphs in Figure 17—33(b) for each frequency. 
Notice that as the load current increases above about 0.2 A, the efficiency remains rela- 
tively constant (between about 91% and about 88%) and drops off a little as the output 
current increases. In this case, the output voltage is constant at 5 V. The input voltage 
range is 3 V to 20 V, and the output voltage can be as high as 20 V. The output voltage is 
from 0.8 X Vyx to 0.85 X Vix. 

The only input that is not on the step-up device is the BST (boot-strap). A capacitor 
must be connected from BST (pin 1) to SW (pin 6). The regulator generates a voltage for a 
MOSFET gate drive circuit by sensing a regulating voltage difference between the BST 
and SW pins. 
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are the three terminals of a fixed-voltage regulator? 

e output voltage of a 7809? Of a 7915? 

2 the three terminals of an adjustable-voltage regulator? 

iat external components are required for a basic LM317 configuration? 


17-6 INTEGRATED CIRCUIT VOLTAGE REGULATOR CONFIGURATIONS 


In the last section, you saw several devices that are representative of the general 
types of IC voltage regulators. Now, several different ways these devices can be 
modified with external circuitry to improve or alter their performance are exam- 
ined. 


After completing this section, you should be able to 


4 Describe applications of IC voltage regulators 
a Explain the purpose of an external pass transistor 
¢ Calculate the value of the external resistor required 
4 Explain how current limiting can be implemented 
4 Describe how to use a three-terminal regulator as a current regulator 
4 Describe switching regulator configurations using the 78S40 
¢ Describe the step-down configuration ¢ Describe the step-up configuration 


The External Pass Transistor 


As you know, an IC voltage regulator is capable of delivering only a certain amount of 
output current to a load. For example, the 78XX series regulators can handle a peak out- 
put current of 1.3 A (more under certain conditions). If the load current exceeds the 
maximum allowable value, there will be thermal overload and the regulator will shut 
down. A thermal overload condition means that there is excessive power dissipation 
inside the device. 

If an application requires more than the maximum current that the regulator can deliver, 
an external pass transistor Q.,, can be used. Figure 17—34 illustrates a three-terminal reg- 
ulator with an external pass transistor for handling currents in excess of the output current 
capability of the basic regulator. 


<@ FIGURE 17-34 


Vin ie, 


if 
| 


The value of the external current-sensing resistor, R.x;, determines the value of current 
at which Q,,; begins to conduct because it sets the base-to-emitter voltage of the transistor. 
As long as the current is less than the value set by R.x;, the transistor Q.,; is off, and the 


A 78XX-series three-terminal regula- 
tor with an external pass transistor 
to increase power dissipation. 
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regulator operates normally as shown in Figure 17—35(a). This is because the voltage drop 
across Rex is less than the 0.7 V base-to-emitter voltage required to turn Q.x; on. Rext 1S 
determined by the following formula, where J,,,, is the highest current that the voltage reg- 
ulator is to handle internally. 


0.7V 
Equation 17-10 Rat = >— 


Tmax 


When the current is sufficient to produce at least a 0.7 V drop across Rext, the external 
pass transistor Q.,, turns on and conducts any current in excess of [nax, aS indicated in 
Figure 17—35(b). Q.,, will conduct more or less, depending on the load requirements. 
For example, if the total load current is 3 A and [,,x was selected to be | A, the external 
pass transistor will conduct 2 A, which is the excess over the internal voltage regulator 
current Jax: 


(a) When the regulator current is less than /,,,,, the external pass (b) When the load current exceeds /,,,,, the drop across R,,; turns 


transistor is off and the regulator is handling all of the current. Q.,, on and it conducts the excess current. 


A FIGURE 17-35 


Operation of the regulator with an external pass transistor. 


EXAMPLE 17-7 What value is R,,; if the maximum current to be handled internally by the voltage reg- 
ulator in Figure 17—34 is set at 700 mA? 
0.7V  07V 
Solution [Rosai 10 
nex = OTA 


Related Problem If Rex is changed to 1.5 Q, at what current value will Q.,; turn on? 


The external pass transistor is typically a power transistor with a heat sink that must be 
capable of handling a maximum power of 


Pext = Text(Vin — Vout) 


EXAMPLE 17-8 What must be the minimum power rating for the external pass transistor used with a 
7824 regulator in a circuit such as that shown in Figure 17-34? The input voltage is 
30 V and the load resistance is 10 0. The maximum internal current is to be 700 mA. 
Assume that there is no heat sink for this calculation. Keep in mind that the use of a 
heat sink increases the effective power rating of the transistor and you can use a lower 
rated transistor. 
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Solution The load current is 


Vout  24V 


Je 2.4A 


Re 100 


The current through Q,,; is 


Text = J, — Imax = 24A—-0.7A=1.7A 


The power dissipated by Qe; is 


Pext(min) = Jext(Vin — Vour) = (1.7 A)30V — 24V) = (1.7 A)6V) = 10.2 W 


For a safety margin, choose a power transistor with a rating greater than 10.2 W, say at 


least 15 W. 


Related Problem Rework this example using a 7815 regulator. 


Current Limiting 


A drawback of the circuit in Figure 17—34 is that the external transistor is not protected 
from excessive current, such as would result from a shorted output. An additional current- 
limiting circuit (Qhim and Rjjm) can be added as shown in Figure 17—36 to protect Q.,; from 
excessive current and possible burn out. 


Qext 


Vin © 


[ 
| 


The following describes the way the current-limiting circuit works. The current-sensing 
resistor Rjjm sets the Vpp of transistor Qj. The base-to-emitter voltage of Q.; is now de- 
termined by Vr.., — VRjjm because they have opposite polarities. So, for normal operation, 
the drop across Rext must be sufficient to overcome the opposing drop across Rjim. If the 
current through Q,,; exceeds a certain maximum (Jext(max)) because of a shorted output or a 
faulty load, the voltage across Rjjm reaches 0.7 V and turns Qhim On. Qhim Now conducts cur- 
rent through the regulator and away from Q,,;, forcing a thermal overload to occur and shut 
down the regulator. Remember, the IC regulator is internally protected from thermal over- 
load as part of its design. 

This action is illustrated in Figure 17-37. In part (a), the circuit is operating normally 
with Q.,, conducting less than the maximum current that it can handle with Qj, off. Part 
(b) shows what happens when there is a short across the load. The current through Qext 
suddenly increases and causes the voltage drop across Rj to increase, which turns Qhim 
on. The current is now diverted through the regulator, which causes it to shut down due to 
thermal overload. 


<@ FIGURE 17-36 


Regulator with current limiting. 


878 ¢ VOLTAGE REGULATORS 


Equation 17-11 


> FIGURE 17-38 


The three-terminal regulator as a cur- 
rent source. 


<0.7V Fag < Serres 
~< 
+ = 
Vin O-8 
Ei Quon 
lim 
+ 
>0.7 ¥ Rext Ohi off 
=r C; 

L 


(a) During normal operation, when the load current is not excessive, Qj;,, is off. 


>0.7 V Dlext > deci 
~< 
+ —_ 
Vin O-8 AM, 
R,. Qext on 
lim 
+ 
+ ® 
Rext Qiim On 


—— 
® Tint = Taras) 


(b) When short occurs ®, the external current becomes excessive and the voltage across Rjim 
increases (2) and turns on Qj, @), which then routes current through the regulator and conducts 


it away from Q,,;, causing the internal regulator current to become excessive @) which forces 
the regulator into thermal shut down. 


A FIGURE 17-37 


The current-limiting action of the regulator circuit. 


A Current Regulator 


The three-terminal regulator can be used as a current source when an application requires 
that a constant current be supplied to a variable load. The basic circuit is shown in Figure 
17-38 where R, is the current-setting resistor. The regulator provides a fixed constant volt- 
age, Vout, between the ground terminal (not connected to ground in this case) and the out- 
put terminal. This determines the constant current supplied to the load. 


V, 
i, = OUT 


+ I¢ 
1 


The current, /g, from the ground pin is very small compared to the output current and can 
often be neglected. 


Vin O Regulator 
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EXAMPLE 17-9 What value of R is necessary in a 7805 regulator to provide a constant current of 
0.5 A to a variable load that can be adjusted from 1 1 to 10 0? 


Solution The 7805 produces 5 V between its ground terminal and its output terminal. Therefore, 
if you want 0.5 A of current, the current-setting resistor must be (neglecting JG) 
Vout SV 
[ O0.5A 


R 100 


The circuit is shown in Figure 17-39. 


» FIGURE 17-39 


A constant-current source of 
0.5 A. 


Related Problem If a 7808 regulator is used instead of the 7805, to what value would you change R, to 
maintain a constant current of 0.5 A? 


= 


1. What is the purpose of using an external pass transistor with an IC voltage regulator? 
2. What is the advantage of current limiting in a voltage regulator? 
3. What does thermal overload mean? 


Application Activity: Variable DC Power Supply 


A regulated power supply with a fixed output voltage of +12 V was developed in Chapter 3. 
The company that manufactures this power supply plans to offer a new line of variable 
power supplies for which a specified voltage can be preset at the factory or can be adjusted 
by the user. In this application, the power supply with a variable regulator is developed to 
provide an output voltage from +9 V to +30 V and a maximum load current of 250 mA. 


The Circuit 


Recall that in the original power supply, a 7812 provided a + 12 V regulated output. In this 
new power supply, a 7809 is used to produce that variable output voltage. As in the earlier 
design, it is recommended by the manufacturer that a 0.33 wF capacitor be connected from 
the input terminal to ground and a 0.1 «F capacitor be connected from the output terminal 
to ground, as shown in Figure 17—40, to prevent high frequency oscillations and improve 
the performance. The reason for a small-value capacitor in parallel with a large one is that 
the large filter capacitor has an internal equivalent series resistance, which affects the high 
frequency response of the system. The effect is cancelled with the small capacitor. 


The Transformer The transformer must convert the 120 V rms line voltage to an ac 
voltage that will result in a rectified voltage that will produce 34 V + 10% when filtered. 
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FIGURE 17-40 


Variable output power supply. 


The Voltage Regulator A partial datasheet for a 7809 is shown in Figure 17—41. Notice 
that there is a range of nominal output voltages, but it is typically 9.0 V. The line and load 
regulations specify how much the output can vary about the nominal output value. For 
example, the typical 9.0 V output will change no more than 12 mV (typical) as the load 
current changes from 5 mA to 1.5 A. The output voltage of the regulator is the voltage 
between the output (OUT) terminal and the reference (REF) terminal. The voltage divider 
formed by R, and R> provides a reference voltage other than ground and increases the 
output voltage with respect to ground above the 9 V nominal regulator output by an 
amount equal to the voltage across R». 
1. What are the minimum and maximum nominal output voltages specified on the 
datasheet when Jo is 500 mA. 
2. From the datasheet, determine the maximum change in the output voltage when 
the load current changes from 5 mA to 1.5 A. 


FIGURE 17-41 


Electrical Characteristics (LM7809) (Continued) 


Partial datasheet for a 7809 Refer to the test circuits. -40°C < Ty < 125°C, Ig = 500mA, V, = 15V, C, = 0.33nF, Co = 0.1N1F, unless otherwise specified. 
regulator. Copyright Fairchild Symbol Parameter Conditions Min. Typ. Max. Unit | 
Semiconductor Corporation. Used No | CWpuC vonage Tes BES) | 180" | 886. 
aoe 5MA< Ig < 1A, Po< 15W, 86 9.0 9.4 
by permission. V, = 11.5V to 24V 
Regline | Line Regulation’ Ty = +25°C | V, = 11.5V to 25V - 6.0 180 mv 
| V)=12V to 17V - 20 | 900 
Regload | Load Regulation”) Ty = 425°C | lg = 5mA to 1.5A - 12.0 180 mv 
[lo =250mA to 750mA|  — 40 90.0 
lo Quiescent Current Ty = +25°C = 5.0 8.0 mA 
Alo Quiescent Current Change | Ip = 5mAto 1A ~ - 05 mA 
V, = 11.5V to 26V - - 1.3 
AVo/AT | Output Voltage Drift®) Io = 5mA - -1.0 - mvrc 
Vn Output Noise Voltage f = 10Hz to 100kHz, Ts = +25°C - 58.0 - wVNo 
RR__ | Ripple Rejection®) f = 120HZ, Vo = 13V to 23V 56.0 71.0 - dB 
Vorop | Dropout Voltage lo= 1A, Ty = +25°C - 20 - Vv 
fo Output Resistance’) f= 1kHz - 17.0 - ma 
Isc Short Circuit Current V, = 35V, Ta = +25°C - 250 - mA 
Ipx | Peak Current“®) Ty = 425°C - 22 - A 
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3. Calculate the maximum power dissipation in R}. 
4. Calculate the maximum power dissipation in R). 


The Fuse The fuse will be in series with the primary winding of the transformer, as 
shown in Figure 17—40. The fuse should be calculated based on the maximum allowable 
primary current. Recall from your dc/ac circuits course that if the voltage is stepped 
down, the current is stepped up. From the specifications for the unregulated power 
supply, the maximum load current is 100 mA. 
5. Calculate the primary current and use this value to select a fuse rating for the 
circuit in Figure 17—40. 


Simulation 


Multisim is used to simulate this power supply circuit. Figure 17—42 shows the simulated 
regulated power supply circuit adjusted to show that it meets or exceeds the specified 
minimum and maximum output voltages. 


Simulation of the regulated variable power supply circuit at the minimum and maximum specified 
output voltages. 
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ity Build and simulate the circuit using your Multisim software. Verify the operation. 


Prototyping and Testing 


Now that all the components have been selected and the circuit has been simulated, the 
circuit is breadboarded and tested. 
Lab Experiment 


To build and test a similar circuit, go to Experiment 17 in your lab manual (Laboratory 
Exercises for Electronic Devices by David Buchla and Steven Wetterling). 


Printed Circuit Board 


The variable regulated power supply prototype has been built and tested. It is now com- 
mitted to a printed circuit layout, as shown in Figure 17—43. Notice that a heat sink is 
used with the regulator IC to increase its ability to dissipate power. The output voltage is 
measured at the potentiometer. 

6. Compare the printed circuit board to the schematic in Figure 17—40. 

7. Calculate the power dissipated by the regulator for an output of 9 V and 4, = 100 mA. 

8. Calculate the power dissipated by the regulator for an output of 30 V and J, = 100 mA. 


& Simulated Agilent Multimeter XMM1 


SE Agilent AAT Petiscter 


<> Simulated Agilent Mullimeter-XMM1 


SE Agilent Za TR Gaiimere 


A» FIGURE 17-43 


Regulated power supply PC board adjusted for output voltages that meet the minimum and maxi- 
mum specifications. 
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Voltage regulators keep a constant dc output voltage when the input or load varies within limits. 


Line regulation is the percentage change in the output voltage for a given change in the input 
voltage of a regulator. 


Load regulation is the percentage change in output voltage for a given change in load current. 


A basic voltage regulator consists of a reference voltage source, an error detector, a sampling 
element, and a control device. Protection circuitry is also found in most regulators. 


Two basic categories of voltage regulators are linear and switching. 

Two basic types of linear regulators are series and shunt. 

In a linear series regulator, the control element is a transistor in series with the load. 
In a linear shunt regulator, the control element is a transistor in parallel with the load. 
Three configurations for switching regulators are step-down, step-up, and inverting. 


Switching regulators are more efficient than linear regulators and are particularly useful in 
low-voltage, high-current applications. 


Three-terminal linear IC regulators are available for either fixed output or variable output 
voltages of positive or negative polarities. 


The 78XX series are three-terminal IC regulators with fixed positive output voltage. 
The 79XX series are three-terminal IC regulators with fixed negative output voltage. 
The LM317 is a three-terminal IC regulator with a positive variable output voltage. 
The LM337 is a three-terminal IC regulator with a negative variable output voltage. 


An external pass transistor increases the current capability of a regulator. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Linear regulator A voltage regulator in which the control element operates in the linear region. 


Line regulation The percentage change in output voltage for a given change in input (line) voltage. 


Load regulation The percentage change in output voltage for a given change in load current from 
no load to full load. 


Regulator An electronic circuit that maintains an essentially constant output voltage with a chang- 
ing input voltage or load current. 


Switching regulator A voltage regulator in which the control element operates as a switch. 


Thermal overload A condition in a rectifier where the internal power dissipation of the circuit 
exceeds a certain maximum due to excessive current. 


Voltage Regulation 


: . AVour , 
17-1 Line regulation = Wa 100% Line regulation as a percentage 
IN 
AV, Vi 100% 

17-2 Line regulation = (AVour/Vour)100% Line regulation in %/V 

AVin 

: Vnu — Vet 

17-3 Load regulation = an 100% Percent load regulation 

FL 

R Load lation in t f output 
17-4 Load regulation = ( oUF 00% ee paca penne i 
FL resistance and full-load resistance 
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Basic Series Regulator 


R 
17-5 Vout > (1 + 52 Var Regulator output 
3 
0.7V Sate ta 
17-6 Tuamax) = R For constant-current limiting (silicon) 
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Basic Shunt Regulator 


17-7 Timax) = > Maximum load current 


Basic Switching Regulators 


t, 
17-8 Vout = ( Vin For step-down switching regulator 


‘on 
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Integrated Circuit Voltage Regulators 


R 
17-9 Vour = Ver 1 + 3) + IapyR2 IC regulator 
1 


17-10) Rag = —— For external pass circuit 


Vi 
7-11 i, = 


+ Ig Regulator as a current source 


TRUE/FALSE QUIZ Answers can be found at www.pearsonhighered.com/floyd. 
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Line regulation is a measure of how constant the output voltage is for a given change in the 
input voltage. 


. Load regulation depends on the amount of power dissipated in the load. 


. Linear and switching are two main categories of voltage regulators. 


Two types of linear regulator are series and bypass. 


. Three types of switching regulator are step-down, step-up, and inverting. 


The three terminals of a 78XX series regulator are input, output, and control. 


. An external bypass transistor is sometimes used to increase the current capability of a regulator. 
. Current limiting is used to protect the external bypass transistor. 


. The purpose of a heat sink is to help the regulator dissipate excessive heat. 


A variable pulse-width modulator is part of a linear voltage regulator. 


-CIRCU IT-ACTION QUIZ Answers can be found at www.pearsonhighered.com/floyd. 


1. 


If the input voltage in Figure 17—7 is increased by 1 V, the output voltage will 


(a) increase (b) decrease (c) not change 


. If the zener diode in Figure 17—7 is changed to one with a zener voltage of 6.8 V, the output 


voltage will 


(a) increase (b) decrease (c) not change 


. If R3 in Figure 17-7 is increased in value, the output voltage will 


(a) increase (b) decrease (c) not change 


. If Ry in Figure 17-9 is reduced, the amount of current that the regulator can supply to the 


load will 


(a) increase (b) decrease (c) not change 


"SELF-TEST 
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. If Ry in Figure 17-15 is increased, the power dissipation in R, will 


(a) increase (b) decrease (c) not change 


. If the duty cycle of the variable pulse-width modulator in Figure 17-17 is increased, the output 


voltage will 


(a) increase (b) decrease (c) not change 


. If Ry in Figure 17-30 is adjusted to a lower value, the output voltage will 


(a) increase (b) decrease (c) not change 

. To increase the maximum current that the regulator in Figure 17-35 can supply, the value of 
Rex Must 
(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonhighered.com/floyd. 


Section 17-1 


Section 17-2 


Section 17-3 


Section 17-4 


1. 


In the case of line regulation, 

(a) when the temperature varies, the output voltage stays constant 
(b) when the output voltage changes, the load current stays constant 
(c) when the input voltage changes, the output voltage stays constant 


(d) when the load changes, the output voltage stays constant 


. In the case of load regulation, 


(a) when the temperature varies, the output voltage stays constant 
(b) when the input voltage changes, the load current stays constant 
(c) when the load changes, the load current stays constant 


(d) when the load changes, the output voltage stays constant 


. All of the following are parts of a basic voltage regulator except 


(a) control element (b) sampling circuit 


(c) voltage-follower (d) error detector (e) reference voltage 


. The basic difference between a series regulator and a shunt regulator is 


(a) the amount of current that can be handled (b) the position of the control element 


(c) the type of sample circuit (d) the type of error detector 


. Ina basic series regulator, Voyr is determined by 


(a) the control element (b) the sample circuit 


(c) the reference voltage (d) answers (b) and (c) 


. The main purpose of current limiting in a regulator is 


(a) protection of the regulator from excessive current 
(b) protection of the load from excessive current 
(c) to keep the power supply transformer from burning up 


(d) to maintain a constant output voltage 


. Ina linear regulator, the control transistor is conducting 


(a) asmall part of the time (b) half the time 


(c) all of the time (d) only when the load current is excessive 


. Ina basic shunt regulator, Voyr is determined by 


(a) the control element (b) the sample circuit 


(c) the reference voltage (d) answers (b) and (c) 


. In a switching regulator, the control transistor is conducting 


(a) part of the time (b) all of the time 


(c) only when the input voltage exceeds a set limit (d) only when there is an overload 
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Section 17-5 10. The LM317 is an example of an IC 


(a) three-terminal negative voltage regulator (b) fixed positive voltage regulator 
(c) switching regulator (d) linear regulator 
(e) variable positive voltage regulator (f) answers (b) and (d) only 


(g) answers (d) and (e) only 
Section 17-6 = 11. An external pass transistor is used for 


(a) increasing the output voltage (b) improving the regulation 
(c) increasing the current that the regulator can handle (d) short-circuit protection 
| PROBLEMS Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 17-1 _ Voltage Regulation 


1. The nominal output voltage of a certain regulator is 8 V. The output changes 2 mV when the 
input voltage goes from 12 V to 18 V. Determine the line regulation and express it as a percent- 
age change over the entire range of Vix. 


2. Express the line regulation found in Problem 1 in units of %/V. 


3. A certain regulator has a no-load output voltage of 10 V and a full-load output voltage of 9.90 V. 
What is the percent load regulation? 


4. In Problem 3, if the full-load current is 250 mA, express the load regulation in %/mA. 


Section 17-2 _ Basic Linear Series Regulators 


5. Label the functional blocks for the voltage regulator in Figure 17—44. 


» FIGURE 17-44 


6. Determine the output voltage for the regulator in Figure 17—45. 


> FIGURE 17-45 
Multisim file circuits are identified 
with a logo and are in the Problems 


folder on the companion website. 
Filenames correspond to figure 
numbers (e.g., F17—45). 
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7. Determine the output voltage for the series regulator in Figure 17-46. 


> FIGURE 17-46 


+12V Your 


8. If R3 in Figure 17—46 is increased to 4.7 kO,, what happens to the output voltage? 
9. If the zener voltage is 2.7 V instead of 2.4 V in Figure 17—46, what is the output voltage? 


10. A series voltage regulator with constant-current limiting is shown in Figure 17—47. Determine 
the value of R, if the load current is to be limited to a maximum value of 250 mA. What power 
rating must R4 have? 


11. If the Ry determined in Problem 10 is halved, what is the maximum load current? 


> FIGURE 17-47 


Section 17-3 _ Basic Linear Shunt Regulators 


12. In the shunt regulator of Figure 17—48, when the load current increases, does Q; conduct more 
or less? Why? 


> FIGURE 17-48 
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» FIGURE 17-49 


13. Assume /,, remains constant and Vjy changes by | V in Figure 17—48. What is the change in 
the collector current of Q,? 


14. With a constant input voltage of 17 V, the load resistance in Figure 17-48 is varied from 1kQ 
to 1.2kQ.. Neglecting any change in output voltage, how much does the shunt current through 
Q, change? 


15. If the maximum allowable input voltage in Figure 17—48 is 25 V, what is the maximum possi- 
ble output current when the output is short-circuited? What power rating should R, have? 
Section 17-4 _ Basic Switching Regulators 


16. A basic switching regulator is shown in Figure 17—49. If the switching frequency of the transis- 
tor is 10 kHz with an off-time of 60 js, what is the output voltage? 


> FIGURE 17-50 


Modulator 
fo = 10 kHz 
torr = 60 [Us 


17. What is the duty cycle of the transistor in Problem 16? 
18. When does the diode D, in Figure 17-50 become forward-biased? 


Vout 
oO 


dD 
+20 V0 HOO >| ? 
im 
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Variable 0, 


pulse-width R 
modulator = 7 


é : 


19. If the on-time of Q; in Figure 17—50 is decreased, does the output voltage increase or decrease? 


Section 17-5 _ Integrated Circuit Voltage Regulators 


20. What is the output voltage of each of the following IC regulators? 
(a) 7806 (b) 7905.2 (c) 7818 (d) 7924 
21. Determine the output voltage of the regulator in Figure 17-51. Iapy = 50 pA. 


> FIGURE 17-51 


» FIGURE 17-52 


>» FIGURE 17-53 


Section 17-6 
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22. Determine the minimum and maximum output voltages for the circuit in Figure 17-52. 
vf ADJ >= 50 BA. 


23. With no load connected, how much current is there through the regulator in Figure 17-51? 
Neglect the adjustment terminal current. 


24. Select the values for the external resistors to be used in an LM317 circuit that is required to 
produce an output voltage of 12 V with an input of 18 V. The maximum regulator current with 
no load is to be 2 mA. There is no external pass transistor. 

Integrated Circuit Voltage Regulator Configurations 


25. In the regulator circuit of Figure 17-53, determine R.,; if the maximum internal regulator cur- 
rent is to be 250 mA. 


Qext 


26. Using a 7812 voltage regulator and a 10 ©, load in Figure 17-53, how much power will the external 
pass transistor have to dissipate? The maximum internal regulator current is set at 500 mA by Rext. 


27. Show how to include current limiting in the circuit of Figure 17-53. What should the value of 
the limiting resistor be if the external current is to be limited to 2 A? 


28. Using an LM317, design a circuit that will provide a constant current of 500 mA to a load. 
29. Repeat Problem 28 using a 7908. 
30. How do you set up the ADP1612/1613 switching regulator for a switching frequency of 1.3 MHz? 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the companion website. 
31. Open file TSP17-31 and determine the fault. 

32. Open file TSP17-32 and determine the fault. 

33. Open file TSP17-33 and determine the fault. 

34. Open file TSP17-34 and determine the fault. 
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FOR AUTOMATED TESTING 


18-1 Programming Basics 

18-2 Automated Testing Basics 
18-3 The Simple Sequential Program 
18-4 Conditional Execution 

18-5 Program Loops 

18-6 Branching and Subroutines 


Discuss fundamental concepts of programming 
Discuss fundamental concepts of automated testing 
Describe and discuss a simple sequential program 
Discuss and apply the concept of conditional execution 
Discuss and apply the concept of programming loops 


Discuss and apply the concepts of branching and 
subroutines 


Test fixture 


Program ¢ Unit under test (UUT) 
Programming language @ Sequential program 
Instruction set ¢@ Conditional execution 
Flowchart @ Nesting 

Pseudocode @ Program loop 
Automated test system @ Branching 

Test controller ¢ Subroutine 


Ose SS 


Study aids for this chapter are available at 
http://www. pearsonhighered.com/electronics 


An overview of National Instrument’s LabVIEW is available 
on the companion website as an optional feature. LabVIEW 
software is a visual programming environment that allows 
you to create and use virtual instruments (VIs) in applica- 
tions that can generate, acquire, process, analyze, display, 
and store signal data. These LabVIEW applications can inter- 
face with National Instruments’ TestStand software for auto- 
mated test applications. 


For many years there was little common ground between 
electronics and programming. Now programmable handheld 
calculators and personal computers are standard tools for 
designing and simulating circuits. Computer technology is 
deeply integrated with manufacturing, validating, and trou- 
bleshooting hardware. Some common computer-controlled 
and automated processes include device characterization, parts 


placement, in-circuit testing, and board level functional testing. 


Computers cannot operate until they are told what to do. 
The list of instructions that tell the computer what to do is 
called a program, and writing these instructions is called 
programming. Although the subject of programming is too 


broad to cover completely, this chapter will discuss basic pro- 


gramming concepts, using basic automated testing examples 
to illustrate these concepts. 
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18-1 PROGRAMMING BASICS 


All programming consists of specifying the instructions for a processor to accom- 
plish some specific task. The set of programming language instructions can be 
divided into basic instruction types. Programmers use tools, such as flowcharts and 
pseudocode, to define the tasks and structure of the final program. 


After completing this section, you should be able to 


4 Discuss fundamental concepts of programming 

4 Discuss programming languages and instructions 
¢ Define programming language and instruction set Describe the basic 
difference between machine language and high-level languages like Visual Basic 
and C++ ¢ Identify and describe the five basic instruction types 

4 Describe a flowchart and discuss its advantages and disadvantages 

4 Describe pseudocode and discuss its advantages and disadvantages 


Programming Languages and Instructions 


The instructions that a computer can process make up a programming language. 
Microprocessors use a device-specific instruction set, which consists of all the binary 
machine language instructions that the microprocessor hardware can directly decode and 
execute. Assembly language uses English-like mnemonics, like MOV and JMP, to replace 
the groups of Os and 1s that make up machine language instructions. Mnemonics are eas- 
ier for humans to use than machine language, but they still work directly with the proces- 
sor hardware. Programs, called assemblers, convert assembly language into machine lan- 
guage. Assemblers also allow programmers to use programming features that simplify 
programming. Programmers typically use assembly or machine language only when the 
program requires extremely compact, efficient code. 

Most programming uses high-level general-purpose programming languages, which are 
easier for people to understand and use than machine or assembly language. Each high- 
level language instruction can represent many machine language instructions. There are 
many general-purpose programming languages, such as C++, that programmers can use to 
develop applications for many different platforms (types of computers and operating sys- 
tems). There are also many proprietary programming languages that manufacturers de- 
velop for their own products. An advantage of proprietary languages is that they simplify 
accessing the features for a product. A disadvantage is that programmers must learn a new 
language whenever they use a new manufacturer’s product. 

Despite the variety of programming languages, all programming languages consist of 
specific types of instructions. There are five basic instruction types. 


1. Simple instructions. These instructions perform a basic task, such as adding two 
numbers, and then sequence to the next instruction in the program. 


2. Conditional instructions. These instructions evaluate specific conditions, such as 
whether a number is zero, to determine how program execution should proceed. 


3. Looping instructions. These instructions allow a set of instructions in the program 
to execute more than once. 


4. Branching instructions. These instructions change the sequence of program 
execution. 
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» FIGURE 18-1 


Common flowchart symbols. 


> FIGURE 18-2 


Sample flowchart. 


5. Exception instructions. These instructions execute when unexpected circum- 
stances, or exceptions, arise during program execution. Exceptions can arise due 
to hardware or software. Exception instructions are rarely used in application 
programming and will not be discussed. 


Some programming languages contain instructions that merge basic instruction types that 
often occur together, such as conditional and other instruction types. 

Programs organize instructions so that the computer can achieve a specific objective. 
The first step to writing a program is to clearly define the tasks the computer must perform 
and the sequence in which the computer must perform them. Two common ways of doing 
this are the flowchart and pseudocode. 


Flowcharts 


A flowchart uses distinctively shaped blocks, or symbols, to graphically represent each 
task, the nature of each task, and how each task relates to other tasks in the program. Figure 
18—1 shows some common flowchart symbols. 


o=hos 


Begin/End —_ Continuation Input/Output Task Subroutine Decision 


Figure 18—2 shows an example flowchart for determining the resistance, R, from the 
voltage, V, and current, /. As the flowchart shows, the program begins and inputs the volt- 
age value, V, and the current value, J. It next determines whether / is zero. If J = 0, it as- 
signs an infinite value to R, outputs R, and ends. If J # 0, the program calculates the value 
of R from Ohm’s law, outputs R, and ends. 


For smaller programs, the flowcharts are relatively easy to follow because they graphi- 
cally represent the flow of the process. Although flowcharts for large programs can be 
quite large, these large flowcharts can use a hierarchical structure. This sort of structure 
first represents the program with a small number of very general tasks. These tasks are then 
broken down into smaller units that represent a small number of still-general but more spe- 
cific tasks. This process continues until it breaks down the program into very specific, 
manageable tasks that the programmer can then use to write the code. 

A potential disadvantage of flowcharting is that the process flow is not always the best 
way to represent some programs. In some cases, how parts of a program interact is more 
important. This is usually the case with object-oriented programming, in which pro- 
gramming entities called objects interact with each other to accomplish some objective. 
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Pseudocode 


Pseudocode is similar to actual programming except that pseudocode uses generic de- 
scriptions rather than specific instructions. The pseudocode for the flowchart in Figure 
18—2 might read as follows: 


procedure CalculateResistance 
begin 
input voltage value 
input current value 
if (current value is 0) then 
begin if 
resistance value is infinite 
end if 
else 
begin else 
resistance value is voltage value divided by current value 
end else 
output resistance value 
end CalculateResistance 


Pseudocode can also have a hierarchical structure. The pseudocode for a large program 
can consist of a relatively small number of very general procedures, each of which can 
consist of a relatively small number of still-general but more specific procedures. This 
process continues until the pseudocode is specific enough for the programmer to write the 
code to implement the procedure. 

An advantage of pseudocode is that it provides a high level of structure, which provides 
an excellent view of the final program structure. This helps reviewers to identify and cor- 
rect potential errors before the program is actually written, potentially reducing the time to 
deliver the program. Because pseudocode is textual, it can usually be written and modified 
quicker than a flowchart can be drawn and modified. Pseudocode can also be incorporated 
in the headers for the final program source code. 

A disadvantage of pseudocode is that following the overall process flow of a program is 
more difficult than with a flowchart. Another disadvantage is that changes to the final code 
often require changes to the pseudocode that more closely describe the code. This often creates 
inconsistencies between the pseudocode, which represents the program code, and the actual 
program code, which contains the specific instructions that the computer is to execute. 


five basic instruction types? 
o methods of defining the tasks and sequence of tasks that a computer 


you modify the flowchart of Figure 18-2 to calculate the current from 
istance rather than the resistance from voltage and current? 


dvantage of using pseudocode compared to using a flowchart? 


18—2 AUTOMATED TESTING BASICS 


Automated testing includes both a software component that coordinates and exe- 
cutes the testing operations and a hardware component that executes the test code 
and interfaces with the unit under test. This section looks at the components of a 
basic automated test system and some practical aspects of automated testing and 
test systems. 
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> FIGURE 18-3 


A basic automated test system. 


A Basic Automated Test System 


Figure 18-3 shows the components that make up a basic automated test system. 


Test equipment 
and 
instrumentation 


Test j<—_ 
Cna<—_— se 
| ] 


Test fixture 


Unit under 
test (UUT) 


The test controller executes the test code that operates the test system. The test con- 
troller can be a PC running proprietary company code, a workstation running commercial 
test software, or a dedicated component of a commercial automated test system. The test 
controller communicates with the test equipment, test instrumentation, and test fixture 
over system buses. These buses can be proprietary or adhere to an industry standard. The 
test equipment, test instrumentation, and test fixture can use the same or different buses to 
communicate with the test controller. 

The test equipment and test instrumentation provide power and test signals to the unit 
under test and measure the operating characteristics of the unit under test. 

The test fixture connects the automated test system to the unit under test (UUT). 
The test controller interfaces with the switching control, which in turn controls the switch- 
ing circuit. The switching circuit connects the test equipment and test instrumentation to 
specific locations, called fest points, on the unit under test. 

The UUT can be a single component, a circuit board, or a complete electronics assem- 
bly. Companies often standardize the interface between the text fixture and UUT. 
Designers must ensure that their finished product designs adhere to these standards. As cir- 
cuits have become more complex, organizations such as the Joint Test Association Group 
(JTAG) have developed and established industry standards so that manufacturers can de- 
velop and use standardized test tools and procedures. 


The Test Fixture 


As Figure 18-3 shows, the test controller connects to the switching control. The switching 
control interprets instructions from the test controller to configure the switching circuitry, 
which connects the test equipment and test instrumentation to specific test points on the 
UUT. Figure 18—4 shows an example of a switching circuit that uses relays. 
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A FIGURE 18-4 
Example test fixture switching circuit. 
The switching circuit in Figure 18—4 uses 32 relays to connect four two-terminal ports to 
four test point (TP) terminals. The switching controller applies a voltage to the coil terminal 
of one of the relays to close the contacts for that relay. This connects a test instrument or 
equipment lead through a port terminal to one of the test points on the unit under test 
through a test terminal. 
EXAMPLE 18-1 For Figure 18—4, what coil terminals must the switching control energize to connect 


terminal A of Port 3 to the TP2 terminal and terminal B of Port 3 to the TP3 terminal? 


Solution Terminal A of Port 3 connects to the TP2 terminal through the contacts of relay Kg, 
and terminal B of Port 3 connects to the TP3 terminal through the contacts of relay 


K 3. The switching control must energize the coils of relays K,g and K»3. 


Related Problem’ When you connect an ohmmeter between the port and test point terminals in Figure 


18—4, you find a short between terminal B of Port 1 and the terminal for TP4. 


Assuming there is no fault, which relay is energized? 


* Answers can be found at www.pearsonhighered.com/floyd. 


The switching circuit in Figure 18—4 requires 32 relays to connect any of the eight port 
terminals to any test point terminal. Some test systems have hundreds of test points and 
can require a large number of relays. Connecting specific port terminals to specific test 
point terminals reduces the cost and complexity of the test system, but it also reduces its 
flexibility. 

Although the switching circuit in Figure 18—4 uses electromechanical relays, some fix- 
tures use other devices, such as silicon-controlled switches or solid-state relays. 
Electromechanical relays offer good electrical isolation and can handle high currents and 
voltages, but there are potential issues that can affect their operation and reliability. 
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Measuring Current 


The fixture in Figure 18—4 connects instruments and equipment on the two-terminal ports 
in parallel with circuitry connected across sets of test points. This works well for voltage 
and resistance measurements, but not for current measurements. There are several ways for 
the test system to measure current. 


¢ Use power supplies that can measure the supply current. This works well if the 
measurement is accurate enough for the test application. 


¢ Measure the voltage across a resistor in series with the component of interest and use 
Ohm’s law to calculate the current. A drawback is that the designer must add a sense 
resistor just for testing if the circuit does not already have one. 


¢ Add additional switching circuitry to support current measurements on the port and 
test point terminals. This increases the complexity of the test system. 


¢ Add an external sense resistor and dedicated voltmeter to one terminal of each two- 
terminal port, as shown in Figure 18—5. This increases the expense of the test system. 
Restricting current measurements to one port can minimize this, but it will reduce the 
flexibility of the system. Another disadvantage is that the test system must compensate 
for the voltage drop across the resistor to apply the correct voltage to the unit under test. 


Test 
controller 


Sense Sense Sense Sense 
resistor resistor resistor resistor 


Test fixture TP2 


A FIGURE 18-5 


Current measurements with an external sense resistor. 


A Sample Automated Test System 


Figure 18—6 shows one example of an automated test system based on the switching circuit 
in Figure 18—4. As you can see, the system connects a dc power supply to the terminals of 
Port 1 and digital multimeters (DMMs) to the terminals of Ports 2 and 3. The UUT consists 
of a 1.0 kQ, resistor and a 1N4009 diode in series. 

The automated test system verifies that the diode is functioning correctly by forward- 
biasing the diode and measuring the diode voltage and current. To do so, the test controller 
in the automated test system performs the following operations: 


1. Sets the de supply to +5 Vpc 
2. Sets DMM1 and DMM2 for de voltmeter function 


3. Connects the positive and negative terminals of the dc supply to test point terminals 
TP1 and TP3, respectively 
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< FIGURE 18-6 
Test 
controller f f { A sample automated test system. 
DC 


i { Unit under test 


1.0kQ 


1N4009 


4. Connects the positive and negative terminals of DMM1 to test point terminals TP1 
and TP2, respectively 


5. Connects the positive and negative terminals of DMM72 to test point terminals TP2 
and TP3, respectively 


. Activates the dc supply outputs 
Measures the resistor voltage on DMM1 
Measures the diode voltage on DMM2 


Calculates the diode current from the resistor voltage and resistor value 


eens 


EXAMPLE 18-2 For the test system in Figure 18—6, which relays must be energized to connect the dc 
voltage supply and DMMss to the diode test circuit? Assume that the test fixture uses 
the switching circuitry in Figure 18—4. 


Solution The positive and negative terminals of the dc supply connect to terminals A and B of 
Port 1, respectively. To connect the dc supply as described in the test procedure, the 
test controller must energize the coils of relays K, and K7. 

The positive and negative terminals of DMM1 connect to terminals A and B of Port 2, 
respectively. To connect DMM1 as described in the test procedure, the test controller 
must energize the coils of relays Ko and K14. 

The positive and negative terminals of DMM2 connect to terminals A and B of Port 3, 
respectively. To connect DMM2 as described in the test procedure, the test controller 
must energize the coils of relays Kg and K43. 


Related Problem How could the relay configuration in Example 18—2 be modified to reverse-bias 
the diode? 


EXAMPLE 18-3 Suppose the value of the resistor in Figure 18—6 is not known. How could the test con- 
troller determine the value of the resistor? 


Solution The test controller in the automated test system can use DMM1 to measure the resist- 
ance of resistor. To do so, it performs the following operations: 
1. Sets DMM1 for ohmmeter function 
2. Connects the positive and negative terminals of DMM1 to test point terminals TP1 
and TP2, respectively 
3. Measures the resistance value on DMM1 


Related Problem What are two advantages of measuring the actual resistor value, rather than assuming a 
value of 1.0 kO, to calculate the diode current? 
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Some Practical Considerations 


The discussion of the sample automated test system assumes an ideal system. Practical test 
systems must compensate for limitations and conditions that exist in the systems. 

One practical consideration is that the test system must always begin in a known state 
that will not accidentally damage the test system or UUT. The test controller should deac- 
tivate voltage and signal sources until it can properly configure the system for the UUT. 
The test controller should also disconnect all sources while adjusting their settings. Voltage 
supplies should have current-limited outputs, and the test controller should adjust the sup- 
ply limits to suitable levels for the test. 

A general limitation is that all circuits contain some amount of inductance and capaci- 
tance so that practical systems do not react instantaneously. Equipment and instruments 
have some settling time, and each circuit requires some time to reaches its final, or steady- 
state, condition. Test controllers must introduce delays to ensure that the test system and 
UUT are stable. It is not always possible to predict these delays, so appropriate delays may 
require trial and error. 

Another limitation is that test systems are as subject to failures as the units they test. 
Diagnostics and self-tests can ensure that the test system is functioning properly. Tests can 
use known good and bad boards to ensure that the system will not indicate a fault when none 
exists (false negative) or indicate that there is no fault when a fault exists (false positive). 


four components make up a basic automated test system? 
is the purpose of the test controller in an automated test system? 


component in an automated test system connects the test equipment and 
entation to the unit under test? 


s the purpose of introducing delays in an automated test system? 


18-3 THE SIMPLE SEQUENTIAL PROGRAM 


The simple sequential program begins, executes a series of instructions in sequence, 
and then terminates. Many consumer products, such as microwave ovens, video recorders, 
and sprinkler systems support this sort of programming. The user specifies the sequence 
of tasks the product is to perform, and the product performs the specified tasks. 


After completing this section, you should be able to 


Oo 


Describe and discuss a simple sequential program 

Draw a flowchart showing the structure for a simple sequential program 
Describe the characteristics of a basic program 

Write pseudocode showing the sequence of instructions for a basic program 


iC) fare 


Simple Sequential Program Structure 


Figure 18—7 shows the sequence of instruction execution, or process flow, for this type of 
program. Note that the instructions can be any instructions that do not alter the sequence of 
program execution. 

The simple sequential program shown has limited applications, but the linear structure of 
its process flow is common to many sections of code in complex programs. Large programs 
often use subroutines to perform this type of task. (You will learn more about subroutines 
later in this chapter.) The following two examples show some simple sequential programs. 
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<¢ FIGURE 18-7 
Flowchart for a simple sequential 


program. 


Instruction 
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EXAMPLE 18-4 Write the pseudocode description for a program to calculate the value of power dissi- 
pated by a load resistor from the measured voltage and current values. 


Solution One possible pseudocode description is 


program CalculatePower 
begin 
input voltage value 
input current value 
power value is voltage value times current value 
output power value 
end CalculatePower 


Related Problem Modify the pseudocode for Example 18—4 to calculate the values of power dissipated 
by the load resistor from the measured current and resistance values. 


EXAMPLE 18-5 Write the pseudocode description for a program to calculate the minimum value for a 
resistor from its nominal value and tolerance. 


Solution One possible pseudocode description is 


program CalculateMinimumValue 

begin 
input resistance value 
input tolerance value 
deviation value is resistance value times tolerance value 
minimum value is resistance value minus deviation value 
output minimum value 

end CalculateMinimumValue 


Related Problem Modify the pseudocode for Example 18-5 to calculate the maximum value for a resis- 
tor from its nominal value and tolerance. 


applications of simple sequential programs? 
s can a simple sequential program contain? 
tine? 
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18—4 CONDITIONAL EXECUTION 


The simple sequential program is limited because it assumes that the conditions for the 
program will never change and cannot deviate from its specified process flow. 
Conditional execution greatly increases the power and usefulness of programs. 
Conditional execution allows the program to test for specific conditions and deter- 
mine which instructions, if any, to execute. 


After completing this section, you should be able to 


4 Discuss and apply the concept of conditional execution 

4 Describe the IF-THEN-ELSE instruction 
¢ Draw a flowchart for the IF-THEN-ELSE instruction ¢ Write pseudocode 
using IF-THEN-ELSE and IF-THEN instructions ¢ Define nesting 

4 Describe the CASE instruction 
¢ Draw a flowchart for the CASE instruction ¢ Write pseudocode using the 
CASE instruction 


Flowcharts that represent conditional execution use the decision block. The decision 
block indicates the test condition and the series of instructions the program is to follow 
based on the test result. Program decisions ultimately always have two possible outcomes, 
so programs must use tests and decisions that will always generate a “TRUE/FALSE” or 
“YES/NO” answer. For example, a program cannot directly implement the test “What is 
the temperature?”. The program must instead measure the temperature and then test the 
measured value against specific values (i.e., “Is the temperature greater than 0° C?’’). 

Programs use two basic types of conditional execution: the IF-THEN-ELSE instruction 
and the CASE instruction. 


The IF-THEN-ELSE Instruction 


The IF-THEN-ELSE instruction implements the most basic form of conditional execution. 
If the result of the test is TRUE, then the program will execute one set of instructions. If the 
result is FALSE, the program will execute an alternate set of instructions. The basic 
pseudocode for the IF-THEN-ELSE instruction is 


if (condition) then 
begin if 
alternative 1 
end if 
else 
begin else 
alternative 2 
end else 


Figure 18—8 shows the flowchart for the IF-THEN-ELSE instruction. 


» FIGURE 18-8 | 
IF-THEN-ELSE flowchart. 
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(condition) 
TRUE? 
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that applies 5 Vpc to a diode circuit, measures the 


Print “Diode / 
reverse / 
biased” 


n that corresponds to the flowchart in Figure 18-9. 


A special form of the IF-THEN-ELSE instruction is the IF-THEN instruction, for 
which the ELSE portion of the instruction does nothing. The basic pseudocode for the IF- 
THEN instruction is 


if (condition) then 
begin if 
alternative 1 
end if 
else 
begin else . 
NULL Alternative 
end else z 


This can also be reduced to 


if (condition) then 


begin if A FIGURE 18-10 
alterna aye a IF-THEN flowchart. 
end if 


Figure 18-10 shows the flowchart for the IF-THEN instruction. 
Although the IF-THEN-ELSE instruction appears to be limited because it offers only 
two alternatives, either or both of those alternatives can be IF-THEN-ELSE instructions. 
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> FIGURE 18-11 


Nested IF-THEN-ELSE flowchart. 


Using the same type of instruction for the subparts of an instruction is called nesting. The 
pseudocode for a typical nested IF-THEN-ELSE instruction is 


if (condition 1) then 


begin if 
if (condition 2) then 
begin if 
alternative 1 
end if 
else 


begin else 
alternative 2 
end else 
end if 
else 
begin else 
if (condition 3) then 
begin if 
alternative 3 
end if 
else 
begin else 
alternative 4 
end else 
end else 


Figure 18—11 shows the flowchart for the nested IF-THEN_ELSE instruction. By nesting 
IF-THEN-ELSE statements, you can write a program that will execute any number of 
alternatives. 


Is 
(condition 1) 
TRUE? 


NO 


Is 
(condition 2) 
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Is 
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EXAMPLE 18-7 


Write the pseudocode description for a program that applies 5 V to a diode circuit, 
measures the diode voltage, and prints “Diode forward biased” if the measured voltage 
is less than 1 V, “Diode reverse biased” if the measured voltage is greater than 4.5 V, 
and “Diode bad” for any other measured voltage. 


One possible pseudocode description for the program is 


program NewDiodeCheck 
begin 
eyoyollay 5) W/ tele) (oalseesbialie 
measure diode voltage 
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e is less than 1 V) then 


de voltage is greater than 4.5 V) then 


‘that the program prints “Diode shorted” if the measured 
pen” if the measured voltage is 5.0 V? 


The CASE Instruction 


The CASE instruction is a special type of nested IF-THEN-ELSE instruction that compares 
a program value against a set of specific values to select a course of action. The flowchart in 
Figure 18-12 shows the operation of the CASE instruction. Note that the instructions for 
any case, or even the default action, can be to do nothing. 


<@ FIGURE 18-12 


CASE instruction operation. 


(variable) equal 
(value 1)? 


Default 
action 
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EXAMPLE 18-8 Use the CASE instruction to write the pseudocode description for a program that 
applies 5 V to a diode circuit, measures the diode voltage, and prints “Diode forward 
biased” if the measured voltage is 0.7 V, “Diode reverse biased” if the measured voltage 
is 4.5 V, and “Diode bad” for any other measured voltage. 


Solution One possible pseudocode description for the program is 


program CaseDiodeCheck 
begin 
aioli 5 We ite) Chiraetinic 
measure diode voltage 
case (diode voltage) 
begin case 


On 7 Wwe print "Diode forward biased" 
break 
A.) We print "Diode reverse biased" 
break 
default: print "Diode bad" 
break 
end case 


end CaseDiodeCheck 


Note the break statement at the end of the instructions for each case. The break statement causes 
the program to exit the CASE instruction. 


Related Problem Modify the pseudocode for Example 18-8 so that if the diode voltage equals 0 V the 
program prints “Diode shorted” and if the diode voltage equals 5 V the program prints 
“Diode open”. What will the program print if the measured diode voltage is 2.5 V? 


The CASE instruction determines whether or not a variable equals specific values, 
rather than whether a condition is TRUE or FALSE as in an IF-THEN-ELSE statement. IF- 
THEN-ELSE instructions can test “greater than” and “less than” as well as “equal to” or 
“not equal to” conditions. You can use IF-THEN-ELSE instructions to overcome this lim- 
itation with the CASE instruction. 


EXAMPLE 18-9 Use IF-THEN-ELSE and CASE instructions to write the pseudocode description for a 
program that applies 5 V to a diode circuit, measures the diode voltage, and prints 
“Diode forward biased” if the measured voltage is less than 1.0 V, “Diode reverse bi- 
ased” if the measured voltage is between 1.0 V and 4.5 V, and “Diode bad” for any 
other measured voltage. 


Solution One possible pseudocode description for the program is 


program MixedDiodeCheck 
begin 

aieoliy 5 W © Cilieewalte 

measure diode voltage 

if (diode voltage is less than 1.0 V) 
begin if 

set diode condition to 1 

end if 

else 
begin else 
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if (diode voltage is greater than 4.5 V) then 
begin if 
set diode condition to 2 
end if 
else 
begin else 
set diode condition to 3 
end else 
end else 
case (diode condition) 
begin case 
1: print "Diode forward biased" 
break 
2: print "Diode reverse biased" 
break 
3: print "Diode bad" 
break 
end case 
end MixedDiodeCheck 


Related Problem Modify the pseudocode for Example 18—9 so that if the diode voltage equals 0 V the 
program prints “Diode shorted” and if the diode voltage equals 5 V the program prints 
“Diode open”. 


t block is associated with conditional execution? 
structions are used in conditional execution? 

basic difference between the IF-THEN and IF-THEN-ELSE instructions? 
najor difference between the IF-THEN-ELSE and CASE instructions? 


18—5 PROGRAM Loops 


Very few programs perform tasks only once. For example, a word processing program 
allows you to enter more than one letter into a document, and the operating system on 
your computer allows you to run more than one application before shutting down. 

Program loops allow computers to execute the same set of instructions multiple times. 


After completing this section, you should be able to 


4 Discuss and apply the concept of programming loops 

4 Describe a basic program loop 

4 Discuss the FOR-TO-STEP loop 
« Draw the flowchart and write the pseudocode + Describe the automated 
testing of a zener diode 

4 Discuss the WHILE-DO loop 
« Draw the flowchart and write the pseudocode ¢ Describe the automated 
testing of a JFET 

4 Discuss the REPEAT-UNTIL loop 
« Draw the flowchart and write the pseudocode ¢ Describe the automated 
testing of an SCR 

4 Discuss nested loops and their application in program loops 
¢ Describe the automated testing of a BJT 
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A FIGURE 18-14 


Flowchart for the FOR-TO-STEP loop. 
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The Basic Program Loop 


A program loop is a sequence of execution in which the program returns to a previous 
point of execution, forming a closed path or “loop”. Figure 18-13 shows the flowchart for 
a basic program loop. 


» FIGURE 18-13 


Flowchart for a basic program loop. 


Loop 
instruction 


Program 
loop 


As the flowchart shows, execution proceeds through the instructions inside the program 
loop and the last instruction, called the loop instruction, redirects execution back to the 
first instruction in the loop. This circular path gives the program loop its name. Loop in- 
structions and the program loops they create may be conditional or unconditional. 

A conditional loop will execute only if some condition is satisfied. Most program loops 
are conditional loops. The three major types of conditional loops are the FOR-TO-STEP 
loop, the WHILE-DO loop, and the REPEAT-UNTIL loop. 

An unconditional loop will cause the program loop to execute indefinitely. A loop that 
executes indefinitely is called an infinite loop. Infinite loops can result from programming 
or system errors, but they are intentionally used in applications that must operate indefi- 
nitely. Operating systems, embedded applications in consumer products, and automated 
systems are infinite loops. 


The FOR-TO-STEP Loop 


The FOR-TO-STEP loop is a program loop that uses a counter or index value to determine 
whether it should repeat or exit the loop. The programmer sets the initial, end, and step val- 
ues for the loop index, which is the counter that keeps track of how many times the loop 
has executed. Figure 18—14 shows the flowchart for the FOR-TO-STEP loop. 

As the flowchart shows, the FOR-TO-STEP loop specifies the start, end, and step val- 
ues and initializes the loop index to the start value. The program loop then executes the 
loop instructions and adjusts the loop index by the step value. If the loop index does not ex- 
ceed the end value, the loop repeats; otherwise, the program exits the loop. 


EXAMPLE 18-10 


Solution 


Write the pseudocode description for a procedure to multiply two nonzero positive in- 
tegers using repeated addition with a FOR-TO-STEP loop. 


One possible pseudocode description is 


procedure Multiply 
begin 
input multiplicand value and multiplier value 
set product value to 0 


for (index = 0) to (index equals multiplier value) step (1) 


Related Problem 
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begin for-to-step 
product value is product value plus multiplicand value 
end for-to-step 
output product value 
end Multiply 


Verify the pseudocode in Example 18-10 for multiplying 4 (the multiplicand) by 5 
(the multiplier). 


Note that if the step value for a loop is negative, the loop index will decrease with each 
loop. Many programs use a negative step value and end value of 0 because processors can 
easily check for a value of 0. 


EXAMPLE 18-11 


Solution 


Figure 18—15 shows a test system to determine the V-/ characteristics of a 1N4732 4.7 V 
zener diode. Write the pseudocode description that uses a FOR-TO-STEP loop to 
decrease the voltage across TP! and TP3 from 6 V to 0 V in 0.1 V increments and to 
plot the zener current vs. zener voltage for each voltage setting. 


Test 
controller 


Unit under test 
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A FIGURE 18-15 
1N4732 test system. 


One possible pseudocode description is 


program Plot1N4732ReverseBias 
begin 
set DMM1 function to dc voltmeter mode 
connect Port 2A to TP2 and Port 2B to TP1 
set DMM2 function to dc voltmeter mode 
connect Port 3A to TP2 and Port 3B to TP3 
set dc supply to 0 V 
connect Port 1A to TP1 and Port 1B to TP3 
for (index = 6) to (index equals 0) step (-0.1) 
begin for-to-step 
set dc supply value to index value 
read resistor voltage value on DMM1 
IZ value is resistor voltage value divided by 1.0 kilohms 
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Related Problem 


Is 
(condition) 
TRUE? 


YES 


Execute loop 
instructions 


A FIGURE 18-16 


Flowchart for the WHILE-DO loop. 


read VZ value on DMM2 
plot IZ value vs. VZ value 
end for-to-step 
end Plot1N4732ReverseBias 


Modify the pseudocode in Example 18-11 to decrease the voltage across TP1 and TP3 
from 0 V to—1 V in 0.1 V increments and to plot the zener current vs. zener voltage 
for each voltage setting. 


The WHILE-DO Loop 


The FOR-TO-STEP loop is useful for applications in which the range of loop condition 
values is already known or well-defined. Unfortunately, the range for some electrical char- 
acteristics is not known. The Ve¢gvorr) and Ipgs values for FETs, for example, can vary 
widely for each part number. A FOR-TO-STEP loop may run too many times and exceed 
the maximum rating for the UUT, or it may run too few times and not apply the signals 
needed to properly test the UUT. 

The WHILE-DO loop solves these problems. Rather than running the loop a predeter- 
mined of times, the WHILE-DO loop checks some condition to determine whether or not 
to continue. In this way, the loop runs only as many times as necessary. Figure 18-16 
shows the flowchart for the WHILE-DO loop. 

Note that the WHILE-DO loop does not automatically modify the condition that even- 
tually terminates the loop. The loop instructions must evaluate information obtained dur- 
ing the loop and alter the terminating condition at the proper time. Note also that the loop 
will not execute at all if the condition is initially FALSE. 


EXAMPLE 18-12 


Figure 18-17 shows a test system to determine the characteristics for a 2N5458 n-channel 
JFET. Write the pseudocode description that uses a WHILE-DO loop to determine and 
print the value of Ipgs and Vesiorry. 
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+ += 
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100 Q 


Test fixture 
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A FIGURE 18-17 
2N5458 test system. 
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Solution One possible pseudocode description is 


program Find2N5458JFETValues 
begin 
set DMM1 function to dc voltmeter mode 
connect Port 3A to TP1 and Port 2B to TP2 
set DMM2 function to dc voltmeter mode 
connect Port 4A to TP3 and Port 4B to TP4 
ScEmacusuppiny 1 to 10) Vv 
set dc supply 2 to 0 V 
connect Port 1A to TP1 and Por 
connect Port 2A to TP4 and Por 
read voltage value on DMM1 
IDSS value is DMM1 voltage value divided by 100 ohms 
print IDSS value 
while (DMM1 voltage value is not 0) 
begin while-do 
increase dc supply 2 by 0.1 V 
read voltage value on DMM1 
end while-do 
read voltage value on DMM2 
VGS (off) value is DMM2 voltage value 
print VGS(off) value 
end Find2N5458JFETValues 


pa 


B to TP4 
iE} tere) ALIENS) 


(or <q 


N 


Related Problem What is a possible problem with the WHILE-DO loop for the pseudocode description 
in Example 18-12? 


The REPEAT-UNTIL Loop 


The REPEAT-UNTIL loop differs from the WHILE-DO loop in two ways. 
¢ The REPEAT-UNTIL loop checks the specified condition at the end of the loop. 


¢ The REPEAT-UNTIL loop remains in the loop while the specified condition is 
FALSE and exits when the condition becomes TRUE. 


Because the REPEAT-UNTIL loop checks the specified condition at the end of the loop, a 
REPEAT-UNTIL loop will always execute at least once. Figure 18—18 shows the flowchart 


for the REPEAT-UNTIL loop. 

<< FIGURE 18-18 
Flowchart for the REPEAT-UNTIL loop. 

Execute loop 

instructions 

Is 
(condition) 
TRUE? 
YES 
EXAMPLE 18-13 Figure 18-19 shows the test system to determine the holding current for an SCR. Write a 


pseudocode description that uses REPEAT-UNTIL loops to determine and print the value 
of the gate current that will fire the SCR into conduction for Vax = 5 V and the value of 
the holding current that will keep the SCR in conduction for this value of gate current. 
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» FIGURE 18-19 


Test system for an SCR. Test 
controller 


Solution One possible pseudocode description is 


program FindSCRValues 
begin 
set DMM1 function to dc voltmeter mode 
set DMM2 function to dc voltmeter mode 
ser Cle siujsily il tere) (0) wy 
SeEmacmcuppily, 2 to 5 V 
Connccemlornem Anton rP2 and) Port 1B to TP3 
connect Port 2A to TP1 and Port 2B to TP3 
read voltage value on DMM2 
TAK is DMM2 voltage value divided by 100 
repeat until (IAK is greater than 45 mA) 
begin repeat-until 
increase dc supply 1 by 0.01 V 
read voltage value on DMM2 
IAK is DMM2 voltage value divided by 100 
end repeat-until 
read voltage value on DMM1 
IG(5) value is DMM1 voltage value divided by 100 
print IG(5) value 
repeat until (IAK is less than 10 A) 
begin repeat-until 
decrease dc supply 2 by 0.1 V 
read voltage value on DMM2 
TAK is DMM2 voltage value divided by 100 
end repeat -until 
IH value is IAK value 
print IH value 
end FindSCRValues 


Related Problem Write a pseudocode description that uses a REPEAT-UNTIL loop to determine and 
print the value of breakover voltage will fire the SCR into conduction for Jg = 0. 


Nested Loops 


You can place loops within loops to create nested loops. Nested loops are used when a pro- 
gram must execute a task multiple times when the task itself must execute multiple times. 


An example of this is the program used by an auto-insertion machine in an electronics as- 
sembly line. The auto-insertion machine places multiple parts on blank circuit boards. The 
outer loop processes the multiple circuit boards and contains inner loops that place multi- 
ple parts on each board. In theory, there is no limit to the number of levels in a nested loop, 
but most programs use only two or three levels of nesting. Figure 18—20 shows the flow- 
chart for a two-level nested loop. Nested loops can consist of any combination of FOR- 
TO-STEP, WHILE-DO, and REPEAT-UNTIL loops. 


<@ FIGURE 18-20 
Flowchart for a two-level nested loop. 


Instruction 


Instruction 


: Program Program 
| inner loop outer loop 
Inner loop 
Instruction 
Instruction 


Outer loop 
instruction 


Nested loops are useful when programs must work with multiple parameters at the same 
time. One example is the effect of the SCR gate current on the SCR V-I curve. A specific 
value of gate current produces a specific V-J characteristic curve, and a range of gate values 
produces a family of V-J curves. A single loop that varies the value of Vax can generate a 
single characteristic curve like that shown in Figure 11—10(a). Nesting this loop inside a 
loop that varies the value of Jg can generate the family of characteristic curves shown in 
Figure 11—10(b). 


PROGRAM Loops 
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EXAMPLE 18-14 Figure 18—21 shows the test system for a 2N3904 npn BJT. Write a pseudocode 


description that uses nested FOR-TO-STEP loops to determine and plot the family of 


characteristic Vog vs. Ic curves for base supply voltages ranging from 0.7 to 1 V in 


0.05 V increments and collector supply voltages ranging from 0 V to 10 V in 1 V 


increments. 
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Test 


controller 


Unit under test 


1 

1 

1 

1 

; 1 

— , I 2N3904 } 
1 

1 

1 


A FIGURE 18-21 
Test system for a 2N3904 BJT. 


Solution One possible pseudocode description is 


program Plot2N3904Curves 
begin 
set DMM1 function to de voltmeter mode 
set DMM2 function to dc voltmeter mode 
SEE Cle Siujojollhy al wee) (0) Wy 
set dc supply 2 to 0 V 
connect Port 1A to TP2 and Port 1B to TP3 
connect Port 2A to TP1 and Port 2B to TP3 
for (indexl = 0.7) to (indexl equals 1.0) step (0.05) 
begin for-to-step 
set dc supply 1 to indexl value 
IB value is dc supply voltage value divided by 5 kilohms 
plot label "IB = " and IB value 
for (index2 = 0) to (index2 equals 10) step (1) 
begin for-to-step 
set dc supply 2 to index2 value 
read voltage on DMM2 
IC value is DMM2 voltage value divided by 100 ohms 
VCE value is index 2 value minus DMM2 voltage value 
plot IC value vs. VCE value 
end for-to-step 
end for-to-step 
end Plot2N3904Curves 


Related Problem What changes would the pseudocode description in Example 18-14 require to test a 
2N3906 pnp BJT? 


m program loop. 

f program loops? 

O loop differ from a REPEAT-UNTIL loop? 
n nested loop. 
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18—6 BRANCHING AND SUBROUTINES 


As previous sections have shown, the process flow for most programs is rarely 
linear. Programs typically contain instructions that redirect execution to some part 
of the program other than what immediately follows in memory. This program 
redirection is called branching. Programs use branching instructions (such as 
JUMP instructions) to transfer control to specific sections of code. The conditional 
and looping instructions from previous sections are special cases of branching. The 
IF-THEN-ELSE instruction, for example, redirects execution to either the IF or 
ELSE section of the instruction, but nowhere else. The more general branching 
instructions can redirect execution anywhere in (or even outside) the program. This 
makes branching instructions very powerful, as well as potentially very problematic. 


After completing this section, you should be able to 


a Discuss and apply the concepts of branching and subroutines 

4 Describe branching in programs 
¢ Discuss basic branching guidelines ¢ Define coupling and cohesion 
¢ Describe automated testing of an inverting amplifier 

4 Describe subroutines in programs 
Describe automated testing of a summing amplifier ¢ Discuss the 
subroutine call 


Branching in Programs 

Branching achieves one of two objectives. 
1. It avoids executing code that immediately follows the branching instruction. 
2. It accesses code that does not immediately follow the branching instruction. 


In either case, the branching instruction must be able to specify the location of the code 
that the processor should execute. Some instructions (such as conditional and loop instruc- 
tions) automatically determine the process flow. The flowchart in Figure 18-22 illustrates 
this for an IF-THEN-ELSE instruction. 

The branches in Figure 18—22 illustrate two points. The first point is that the objective 
of the branch from the IF section is to avoid the ELSE section (the first objective of branch- 
ing) and that the objective of the branch to the ELSE section is to access the ELSE section 
(the second objective of branching). The second point is that the branch to the ELSE sec- 
tion is conditional and proceeds to either the IF or ELSE section, while the branch around 
the ELSE section from the IF section is unconditional and must proceed to whatever fol- 
lows the ELSE section. 

General branching instructions require the programmer to explicitly specify the next 
instruction to execute. In low-level programs, the programmer specifies the memory 
location of the instruction. One way to do so is to provide the physical memory address 
of the instruction, as in the following assembly program listing for a multiplication 
program: 


7 ADDRESS INSTRUCTION ; COMMENTS 
0000 MVI A,00 ; Clear accumulator 
0002 MVI B,02 ; Load multiplicand into B register 
0004 MVI C,03 ; Load multiplier into C register 
0006 ADD B ; Increase product value by multiplicand 
0007 DCR C ; Decrement multiplier by 1 
0008 JNZ 0006 ; Repeat loop until multiplier is 0 
000B HLT ; Halt when done 


Is 
IF condition 
TRUE? 


Execute 
IF section 


Execute 
ELSE section 


A FIGURE 18-22 
IF-THEN-ELSE branching example. 
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The program uses the repeated addition method of Example 18-10 to multiply two num- 
bers. The main thing to note about this program is the loop formed by the conditional JNZ 
(Jump if Not Zero) branching instruction. If the instruction that decrements the multiplier 
in the C register by 1 does not result in 0, the JNZ instruction “jumps” to address 0006 to 
add the multiplicand to the running product total. As soon as the multiplier is zero, the JNZ 
instruction sequences to the HLT instruction, halting the program. 


Labels Another way to specify the target of a branching instruction is to use a label that 
identifies the address. A label is a symbolic reference, or name, that an assembler associ- 
ates with a memory address. The following is a sample listing for the same assembly pro- 
gram using labels: 


: LABEL INSTRUCTION ; COMMENTS 
START: MVI A,00 ; Clear accumulator 
MVI B,02 ; Load multiplicand into B register 
MVI C,03 ; Load multiplier into C register 
LOOP: ADD B ; Increase product value by multiplicand 
DCR C ; Decrement multiplier by 1 
JNZ LOOP ; Repeat loop until multiplier is 0 
DONE: HLT ; Halt when done 


This program listing does not specify addresses for each instruction. Instead, it uses the 
labels START, LOOP, and DONE to indicate the addresses of specific instructions in the 
program. Labels allow programmers to clearly identify program sections and make both 
pseudocode and source code easier to understand. They also allow programmers to specify 
the location to which an instruction should branch. 

Some advantages of using labels rather than actual addresses are that errors are easier 
for programmers to avoid, detect, and correct. Labels allow assemblers to change address 
references if the program is modified, and they also allow code to be relocatable so that the 
program can be placed anywhere in memory. 


Branching Guidelines Branching is a convenient tool for modifying the sequence in 
which instructions execute. This convenience can cause problems. When programmers 
manually loaded instructions directly into memory, they could use branching to modify or 
correct code without having to reload all memory locations that the change would affect. 
Suppose, for example, that a programmer accidentally forgot to include Instruction 5 in a 
program containing a hundred instructions. Without branching, the programmer would 
have to correct the program by entering Instruction 5 in the correct memory location and 
then laboriously reenter Instructions 6 through 100. This task could be even more difficult 
if Instructions 6 through 100 contained any branches because the programmer would have 
to find and update the target address for each branch. With branching, the programmer 
could branch to the missing instruction and then branch back to the next instruction. 
Programmers could also use this method to add code to an existing program. 

Programmers rarely load instructions into memory by hand anymore; modern program- 
ming software allows them to freely modify source code, so this sort of branching is seldom 
required or justified. Even so, programmers are often tempted to use branches as a shortcut 
when modifying code. There are three general rules for using branches in programs. 


Rule 1 Programs, especially high-level programs, should avoid unconditional branching. 
One reason for this rule is that the structure of a program should be the result of deliberate 
design rather than afterthought. A second reason is that unrestricted unconditional branch- 
ing often results in poorly organized “spaghetti code” that is difficult to understand and 
maintain. A third reason is that an unconditional branch always results in the same 
sequence of instructions, so the program instructions could be written that way without 
using a branch at all. 

Example 18-15 illustrates a program modified by several unconditional branches. Note 
the impact of these branches on understanding the process flow of the program. 
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EXAMPLE 18-15 


Figure 18—23 shows the test system for an inverting amplifier. 


Test 


controller 


Unit under test 


A FIGURE 18-23 


Test system for an inverting op-amp circuit. 


The following pseudocode represents a program that used branches to progressively 
add features to the test. What is the sequence of test messages that the modified 
pseudocode will generate? 


program TestInvertingAmplifier 
begin 

initialize test fixture 
print "Test fixture initialized" 
branch to NewTestInit 

ResumeTest3: 
branch to DCTest 

ResumeTest4: 
set signal generator offset to 0 Vdc 
set signal generator ac output to 100 mVpp 
apply input test signal 
measure and record peak-to-peak output signal 
print "100 mV ac test completed" 
branch to CalculateNominalGain 

ResumeTest1: 
branch to TestMinimumSignal 

ResumeTest2: 
branch to TestMaximumSignal 

AllTestsRun: 
print "AC test completed" 
branch to TestsComplete 

CalculateNominalGain: 
nominal gain value is output signal divided by 100 mv 
print "Gain calculated for nominal input" 
branch to ResumeTest1l 

TestMinimumSignal: 
set signal generator ac output to 10 mVpp 
measure and record peak-to-peak output signal 
print "10 mV ac test completed" 
minimum gain value is output test divided by 10 mv 
print "Gain calculated for minimum input" 
branch to ResumeTest2 
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Solution 


TestMaximumSignal: 
set signal generator ac output to 1 Vpp 
measure and record peak-to-peak output signal 
print "1 V ac test completed" 
maximum gain value is output signal 
print "Gain calculated for maximum input" 
branch to AllTestsRun 

NewTestInit: 
set signal generator offset to 500 mVdc 
set signal generator ac output to 0 Vpp 
print "System intialized for dc test" 
branch to ResumeTest3 

DCTest: 
measure and record de output signal 
print "500 mV de test completed" 
dc gain value is output signal divided by 500 mv 
print "Gain calculated for de input" 
branch to ResumeTest4 

TestsComplete: 
print "Inverting amplifier testing complete" 

end TestInvertingAmplifier 


The pseudocode will first generate the test message 
Test fixture initialized 

The program branches to NewTestInit, which generates the message 
System intialized for de test 


and then branches back to ResumeTest3 in the main program body. This is followed 
by an immediate branch to DCTest, which generates the messages 


500 mV de test completed 
and 
Gain calculated for de input 


and then branches back to ResumeTest4 in the main program body. The main program 
body generates the message 


100 mV ac test completed 


and then branches to CalculateNominalGain. CalculateNominalGain generates the 
message 


Gain calculated for nominal input 


and branches back to ResumeTest1! in the main program body. This is followed by an 
immediate branch to TestMinimumSignal, which generates the messages 


10 mV ac test completed 
and 
Gain calculated for minimum input 


and then branches back to ResumeTest2 in the main program body. This is followed 
by an immediate branch to TestMaximumSignal, which generates the messages 


1 V ac test completed 
and 


Gain calculated for maximum input 
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and then branches back to AllTestsRun in the main program body. The main program 


body generates the message 


AC test completed 


and branches around the added code to TestsComplete. The program then generates 


the final message 
Inverting amplifier testing complete 


and ends. 


Related Problem Rewrite the pseudocode in Example 18-15 to eliminate all the unconditional branch 


instructions. 
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Rule 2 Programs should avoid nested branches. A branch should not lead to more 
branches. There are several good reasons for this rule. 


¢ Nested branches complicate and disguise the structure of a program. This makes it 
more difficult to maintain and modify the program. 


¢ Nested branches can increase the coupling between parts of a program. Coupling 
reflects the extent to which one part of a program interacts with or potentially affects an- 
other part of the program. High coupling can result in unintended and unwanted effects, 
due either to program execution or modification to some part of the code. If you have 
ever tried to remove one empty clothes hanger from a closet and wound up removing 
several, you can understand the concept and the undesirable effects of coupling. 


¢ Nested branches can reduce the cohesion of a program. Cohesion refers to how well 
a program or procedure keeps together all the code that is associated with a specific 
task. Just as keeping tools and materials for some job organized and together greatly 
simplifies working on that job, high program cohesion greatly simplifies working 
with programs. 


¢ Nested branches increase the potential for programming errors. In programs without 
branches, it is easy to trace the process flow because each instruction immediately 
follows the previous instruction. In programs with a single branch, this path is still 
fairly obvious. As the number of nesting levels increases, the process flow becomes 
less and less clear. This complicates knowing how the program arrived at some point 
in its execution, the current state of the program, and the impact of adding further 
branches. 


Rule 3 Any branch (as any instruction) should always be a conscious design decision to 
simplify the program. It should not be a convenient shortcut that simplifies the program- 
mer’s life. Used properly, branches can simplify a program by eliminating duplicated code, 
avoiding very complicated conditional instructions, or simplifying the structure or organi- 
zation of a program. 


Subroutines 


As the previous discussions showed, general branches affect both program structure and 
the sequence of program execution. Branching can needlessly complicate the structure 
of a program and create “spaghetti code” that can lead in turn to programming errors. 
The branches that modified and added new tests to the pseudocode in Example 18-15 
complicated the process flow, especially as the additional tests were not added in the 
same order in which they executed. Subroutines, which are sequences of instructions 
that perform specific tasks in a program, can help organize programs and simplify the 
process flow. 
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Programs access subroutines using subroutine calls. A subroutine call instruction is a 
special type of branching instruction that can avoid the problems that can arise from 
general branching instructions. Specifically, a subroutine call is a controlled branch that 
redirects execution to a subroutine, executes the subroutine instructions, and allows the 
program to resume execution at the instruction that immediately follows the subroutine 
call instruction. 

Subroutine calls can return to the point from which they were called because the proces- 
sor uses a special section of memory, called the stack, to store the memory address of the 
instruction that follows the call instruction. When the subroutine ends, the processor 
retrieves the return address from the stack and resumes program execution at this location. 

Subroutines (also called functions or procedures in high-level programming lan- 
guages) help simplify the structure of a program by eliminating duplicated code and 
improve program cohesion by collecting the code associated with a specific task in one 
place. Another benefit of subroutines is that they more easily allow programmers to use the 
same code in more than one program, reducing the amount of time needed to develop and 
write new programs. 


EXAMPLE 18-16 


Figure 18—24 shows a test system used to test a summing amplifier. 


Test 
controller | \ | | 
DC DC DC 
supply supply supply DMM 
1 2 3 aes 
+ = +0 = +0 = 


Unit under test 


© Test fixture 


A FIGURE 18-24 


Test system for a summing amplifier. 


Rewrite the following pseudocode description to replace the instructions that initialize 
the test system with a subroutine call to InitializeTestFixture and shut down the text 
fixture with a call to ShutdownTestFixture. 


program TestSummingAmplifier 
begin 
open all relays 
Sieic cle Sitjojollkyy il ie) yn 
Seemdecmsuppiay 2) teo: 0). 
set dc supply 3 to 0 
Test00: 

measure summing amplifier output 
open all relays 
Secemacmsuppilay: 1 to 5. 
set dc supply 2 to 0. 
Seemacmsuppia, 3 to: 0 


Solution 
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Test0Ol: 
SeemaGeusuppiliy 2 to 5.0 V 
close all relays 
measure summing amplifier output 
open all relays 
set dc supply 1 to 5. 
set dc supply 2 to 0. 
SEE cle! sitisyollyy 3) ice) WE 


S) 
Se © 
aac 


Test10: 
Seeage supply 3 to 5.0 V 
close all relays 
measure summing amplifier output 
open all relays 
set dc supply 1 to 5.0 V 
set dc supply 2 to 
set dc supply 3 to 0.0 


S 
S 
<< 


Test1l: 
set dc supply 2 to 5.0 V 
SEE cle sits, 3 ico SsO iw 
close all relays 
measure summing amplifier output 
call ShutdownTestFixture 
end TestSummingAmplifier 


One possible pseudocode description is 


program NewTestSummingAmplifier 
begin 
call InitializeTestFixture 


Test00: 
measure summing amplifier output 
call InitializeTestFixture 
Test0Ol: 
set dc supply 2 to 5.0 V 
measure summing amplifier output 
call InitializeTestFixture 
Test10: 
Seemaocmsuppihy 3) to 5.0) V 
measure summing amplifier output 
call InitializeTestFixture 
BINNS) texalieie 


ScemOcmouppiny 2) to) 5.0) Vv 
SEE cla siieyollhy 3 (ee) Sa iy 
close all relays 
measure summing amplifier output 
call ShutdownTestFixture 
end NewTestSummingAmplifier 


procedure InitializeTestFixture 
begin 
open all relays 
set dc supply 1 to 5.0 V 
set dc supply 2 to 0.0 V 
set dc supply 3 to 0.0 V 
end InitializeTestFixture 


procedure ShutdownTestFixture 
begin 
open all relays 
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Related Problem 


Secemacmsuppiay, 1 to 0). 0! V 

Secemacmsupply 2 to 0). 0! V 

Secemacmsuppiay 3 to 0). 0! V 
end ShutdownTestFixture 


Would there be any benefit to replacing the multiple instances of “measure summing 
amplifier output” in the pseudocode for Example 18-16 with calls to a subroutine 
MeasureSummingAmplfiierOutput? Why or why not? 


High-level languages, like C++ and Visual Basic, can also use the stack to pass infor- 
mation between subroutines and the calling program in a parameter list. This increases the 
value of using subroutines because programs can use a single subroutine to perform multi- 
ple tasks when the tasks differ from each other only in the values they use. 


EXAMPLE 18-17 


Modify the pseudocode description for CalculateAmplifierGains to replace the subrou- 
tine calls InitializeTestFixture and ShutdownTestFixture with a single subroutine 
ConfigureTestFixture. 


program CalculateAmplifierGains 
begin 
call InitializeTestFixture 
Peintwmilest tixture initralized" 
NewTestInit: 
set signal generator offset to 500 mVdc 
set signal generator ac output to 0 Vpp 
print "System intialized for dc test" 
NominalACTest: 
call MeasureNominalGain 
MinimumACTest: 
call MeasureMinimumGain 
MaximumACTest: 
call MeasureMaximumGain 
AllGainsMeasured: 
print "AC test completed" 
print "Inverting amplifier testing complete" 
call ShutdownTestFixture 
end CalculateAmplifierGains 


procedure InitializeTestFixture 
begin 
open all relays 
Sermacmoupplay, Lito 5.0) V 
See Cle sibjojellye A Tere) {0a 
Ser Cle sijeisllky SF jee) aay 
end InitializeTestFixture 


procedure ShutdownTestFixture 
begin 
open all relays 
set dc supply 1 to 0.0 V 
Sec Cle Siuijejolhy 2 tee) Ws we 
set dc supply 3 to 0.0 V 
end ShutdownTestFixture 
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procedure MeasureNominalGain 

begin 
set signal generator offset to 0 Vdc 
set signal generator ac output to 500 mVpp 
apply input test signal 
measure and record peak-to-peak output signal 
nominal gain value is output signal divided by 500 mv 
print "0.5 V ac test completed" 

end MeasureNominalGain 


procedure MeasureMinimumGain 

begin 
set signal generator offset to 0 Vdc 
set signal generator ac output to 50 mVpp 
apply input test signal 
measure and record peak-to-peak output signal 
minimum gain value is output test divided by 50 mv 
print "0.05 V ac test completed" 

end MeasureMinimumGain 


procedure MeasureMaximumGain 

begin 
set signal generator ac output to 5.0 Vpp 
apply input test signal 
measure and record peak-to-peak output signal 
maximum gain value is output signal 
print "5.0 V ac test completed" 

end MeasureMaximumGain 


Solution The subroutines InitializeTestFixture and ShutdownTestFixture differ only in the value 
to which de supply 1 is set. One possible pseudocode description is 


program CalculateAmplifierGains 
begin 
call ConfigureTestFixture (5.0) 
print "Test fixture initialized" 
NewTestInit: 
set signal generator offset to 500 mVdc 
set signal generator ac output to 0 Vpp 
print "System intialized for dc test" 
NominalACTest: 
call MeasureNominalGain 
MinimumACTest: 
call MeasureMinimumGain 
MaximumACTest: 
call MeasureMaximumGain 
AllGainsMeasured: 
print "AC test completed" 
print "Inverting amplifier testing complete" 
call ConfigureTestFixture (0.0) 
end CalculateAmplifierGains 


procedure ConfigureTestFixture (DCSupply1Value) 
begin 
open all relays 
set dc supply 1 to DCSupplylValue 
set dc supply 2 to 0.0 
SEI Cle Sujsjlly Ss) ee) Oo) 
end ConfigureTestFixture 
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procedure MeasureNominalGain 

begin 
set signal generator offset to 0 Vdc 
set signal generator ac output to 500 mVpp 
apply input test signal 
measure and record peak-to-peak output signal 
nominal gain value is output signal divided by 500 mv 
print "0.5 V ac test completed" 

end MeasureNominalGain 


procedure MeasureMinimumGain 

begin 
set signal generator offset to 0 Vdc 
set signal generator ac output to 50 mVpp 
apply input test signal 
measure and record peak-to-peak output signal 
minimum gain value is output test divided by 50 mv 
print "0.05 V ac test completed" 

end MeasureMinimumGain 


procedure MeasureMaximumGain 

begin 
set signal generator ac output to 5.0 Vpp 
apply input test signal 
measure and record peak-to-peak output signal 
maximum gain value is output signal 
print "5.0 V ac test completed" 

end MeasureMaximumGain 


When the program calls the subroutine ConfigureTestFixture, the value specified 
inside the parentheses is passed to the subroutine as DCSupply1 Value. When the sub- 
routine runs, this value is used to set the value of de supply 1. The first subroutine call 
sets de supply | to 5.0 V, and the second subroutine call sets dc supply 1 to 0.0 V. 


Related Problem Rewrite the pseudocode description for Example 18—17 to replace the procedures 
MeasureNominalGain, MeasureMinimumGain, and MeasureMaximumGain with the 
single subroutine MeasureGain. 


yasic guidelines for using general branches in programs? 
ine call differ from a general branching instruction? 


SUMMARY 


Section 18-1 ® Programming languages are made up of instructions that a computer can process. 
® An instruction set consists of the machine language instructions that a processor can decode and 
execute. 
® Machine and assembly languages are low-level languages that operate directly on the level of 
the processor hardware. 


Section 18-2 


Section 18-3 


Section 18-4 


Section 18-5 


Section 18-6 


KEY TERMS 
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® Most programming uses high-level languages like C++ and Visual Basic that are easier for 
people to use. 


® Programming languages consist of five basic instruction types: simple instructions, conditional 
instructions, looping instructions, branching instructions, and exception handling instructions. 


® Flowcharts use distinctively-shaped interconnected blocks to graphically represent the structure 
and process flow of programs. 


® Pseudocode uses generic descriptions of program operations to textually represent the structure 
and process flow of programs. 


® Automated test systems consist of a test controller, a test fixture, test equipment and instrumen- 
tation, and the unit under test. 


® The test controller executes the text code that defines the test tasks, configures the rest of the test 
system, and coordinates the test system activities. 


® The test fixture selectively connects the test equipment and instrumentation to the unit under test. 
® Test programs must take into account limitations that exist in practical test systems. 


® Simple sequential programs are the simplest programs that contain no branches or loops and 
have limited applications. 


® Simple sequential programs can use any instructions that do not alter the sequence of program 
execution. 


® Conditional execution tests whether specific conditions exist to determine which sequence of 
instructions, if any, to execute. 


® The two basic conditional execution instructions are the IF-THEN-ELSE and CASE instructions. 


® Programs can nest conditional execution instructions to increase the number of alternative 
execution sequences. 


® Program loops are program sequences that return the program to a previous point of execution. 


® The three basic types of program loop instructions are the FOR-TO-STEP, WHILE-DO, and 
REPEAT-UNTIL instructions. 


® The FOR-TO-STEP instruction is used to loop a specific number of times. The WHILE-DO and 
REPEAT-UNTIL instructions are used when the exact number of loops required for a task cannot 
be determined ahead of time. 


® The WHILE-DO instruction tests whether the loop condition is TRUE before entering the loop 
and need not execute the loop instruction. The REPEAT-UNTIL instruction tests whether the loop 
condition is FALSE after entering the loop and must execute the loop instructions at least once. 


® Programs can nest loops so that a loop contains the same or another type of loop. 
® Branching modifies the sequence in which instructions execute. 


® The intent of branching is either to avoid executing code that immediately follows the branching 
instruction or to execute code that does not immediately follow that branching instruction. 


® Programs should limit and carefully control branching in programs. Unconditional branches in 
programs in particular can create problems and should be avoided if possible. 


® Subroutines can help simplify and organize programs, increase cohesion, and reduce coupling. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Automated test system A system that operates under the control of an automated controller to 
conduct tests on a component, circuit, or system. 


Branching Redirection of program execution to some program location other than what immedi- 
ately follows in memory. 


Conditional execution The selective processing of program instructions based upon the validity of 
some condition. 


Flowchart A graphical means of representing the organization and process flow of a program 
using distinctively-shaped interconnected blocks. 
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Instruction set The set of binary patterns that the hardware of a microprocessor can decode and 
execute. 


Nesting The use of an instruction type within another instruction of the same type. 


Program A series of instructions that has a computer perform some specific task or achieve some 
specific objective. 


Program loop A sequence of execution in which a program returns to a previous point of execution. 


Programming language A set of instructions and rules for their use that allow programmers to 
provide a processor with the necessary information to accomplish some specific task. 


Pseudocode A textual means of representing the organization and process flow of a program using 
generic descriptions of program operations. 


Sequential programming Programming in which instructions execute in the order in which they 
appear in the program. 


Subroutine A sequence of instructions, usually written separately from the main program, that ac- 
complishes a specific task in a program. 


Test controller The component in an automated test system that executes the test code that defines 
the test tasks, configures the other components in the test system, and coordinates the activities of the 
test system components. 


Test fixture The component in an automated test system that selectively connects the test equip- 
ment and instrumentation to the unit under test. 


Unit under test (UUT) The component, circuit, or system to be tested in a test system. The UUT 
is sometimes referred to as the device under test (DUT). 


Answers can be found at www.pearsonhighered.com/floyd. 


"SELF-TEST 


1. All programming consists of specifying instructions required for a processor to accomplish 
some specific task. 


2. The instructions of a low-level language interacts directly with the processor hardware. 


Each instruction of a high-level language typically represents multiple machine language 
instructions. 


° 


4. Unconditional loops are never intentionally used in programs. 


An advantage of subroutines over general branching instructions is that subroutines increase 
coupling and minimize cohesion. 


. 


6. The purpose of the test fixture in an automated test system is to selectively connect the test 
equipment and instruments to the test controller. 


7. A graphical means of representing the organization and process flow in a program is a flowchart. 
8. Unconditional branches should be used whenever possible to simplify programming. 


9. Pseudocode uses generic descriptions of program operations to represent the structure and 
process flow of programs. 


10. WHILE-DO and REPEAT-UNTIL instructions are different names for the same thing. 


11. If you wish to repeat some task a specific number of times in a program, a FOR-TO-STEP 
instruction is probably your best choice. 


12. Programs that convert assembly language programs into machine language are called assemblers. 


13. A CASE instruction is an example of a nested loop instruction. 


Answers can be found at www.pearsonhighered.com/floyd. 


Section 18-1 


1. All the instructions that the hardware of a processor can directly decode and execute is called 
(a) pseudocode (b) a flowchart 
(c) an assembly program (d) the instruction set 

2. All of the following are instruction types except 
(a) conditional instructions (b) pseudocode instructions 


(c) loop instructions (d) branching instructions 


Section 18-2 


Section 18-3 


Section 18—4 


Section 18-5 


10. 


11. 


12. 


13. 


SELF-TEST 


. One disadvantage of flowcharts is that 


(a) the process flow of a program is difficult to follow in a flowchart 

(b) it is not possible for flowcharts to represent large programs 

(c) process flow is not always the best way to represent a program 

(d) flowcharts cannot distinguish between WHILE-DO and REPEAT-UNTIL loops 


. An advantage of pseudocode is that it 


(a) uses easily recognized and distinctively-shaped symbols 
(b) shows the overall process flow of a program better than a flowchart 
(c) provides a high level of structure for implementing the final program 


(d) changes to the final program code do not affect the pseudocode 


. A basic automated test system consists of all the following components except 


(a) a connection to access the Internet (b) a test fixture 


(c) the unit under test (d) a test controller 


(a) test controller (b) test instrumentation 


(c) test equipment (d) test fixture 


. The test fixture consists of 


(a) the test controller and unit under test 
(b) the test equipment and test instrumentation 
(c) electromechanical relays and silicon controlled switches 


(d) the switching control and switching circuitry 


. Simple sequential programs can include any instructions except 


(a) I/O instructions (b) arithmetic instructions 


(c) branching instructions (d) assembly language instructions 


. Simple sequential programs 


(a) have limited applications (b) have nonlinear structures 
(c) cannot be represented with flowcharts (d) cannot be represented with pseudocode 
Conditional execution 

(a) limits the power and usefulness of programs 

(b) uses the decision block in flowcharts 

(c) is always limited to two alternatives 

(d) always sequences through the same instructions 

The IF-THEN-ELSE instruction 

(a) is a special form of the more general IF-THEN instruction 

(b) provides three alternative sequences of instructions 

(c) implements the most basic form of conditional execution 

(d) is a theoretical construct with no practical application in programming 
The CASE instruction 

(a) must determine whether a program value is equal to or not equal to specific values 
(b) implements the most basic form of conditional execution 

(c) is limited to two alternative sequences of instructions 

(d) is another name for an IF-THEN instruction 

An infinite loop 

(a) has no practical value and is never used 

(b) is used in operating systems and other specialized applications 

(c) is another name for an unconditional loop 


(d) occurs only when intended 
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. The component that physically connects the UUT to the rest of the automated test system is the 
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PROBLEMS 
Section 18-1 


Section 18-2 


» FIGURE 18-26 


Automated test system block 
diagram for Problem 4. 


14. 


15. 


16. 


The difference between a WHILE-DO instruction and REPEAT-UNTIL instruction is 

(a) the WHILE-DO instruction loops when a condition is False 

(b) the WHILE-DO loop always executes at least once 

(c) the REPEAT-UNTIL loop tests the loop condition at the end of the loop 

(d) the two are identical 

A FOR-TO-STEP instruction with a STEP value of 0 will 

(a) probably result in an infinite loop (b) set the initial index value to 0 

(c) exit when the index value reaches 0 (d) never execute 

The difference between general branch instructions and conditional or loop instructions is 
(a) general branch instructions can create infinite loops and conditional or loop instructions cannot 
(b) conditional and loop instructions execute faster than general branch instructions 

(c) general branch instructions are available only in low-level languages 


(d) a conditional or loop instruction implicitly specifies the next instruction to execute 


. Subroutine calls differ from general branch instructions in that 


(a) subroutine calls to programs use labels and general branch instructions do not 


(b) subroutine calls allow the program to resume execution at the instruction immediately fol- 
lowing the call to the subroutine 


(c) general branch instructions use a special section of memory called the stack 


(d) subroutine calls can be nested and general branch instructions cannot 


. Another name for a subroutine is 


(a) a procedure (b) a stack 


(c) a flowchart (d) a process flow 


Answers to all odd-number problems are at the end of the book. 


Programming Basics 


1. 
2. 
3. 


What are the five basic instruction types? 
Identify each of the flowchart symbols in Figure 18—25. 


Write the pseudocode for a program that inputs and prints the average for three numbers. 


> FIGURE 18-25 
Flowchart symbols for Problem 2. @) 
1 2 3 


eo az i 


Automated Testing Basics 


4. 


Identify each of indicated components in the automated test system in Figure 18-26. 


PROBLEMS @® 927 


5. What are advantages of using electromechanical relays to connect the UUT to the test equipment 
and instrumentation in an automated test system? 


Section 18-3 The Simple Sequential Program 
6. What is the process flow for a simple sequential program? 


7. Does the flowchart shown in Figure 18-27 represent a simple sequential program? Justify your 


answer. 
» FIGURE 18-27 
a 
Program flowchart for Problem 7. 
Initialize Calculate 
system resistance 


Output 
resistance 


Output voltage 
across UUT 
Input current 
through UUT 


Power down 


system 


Section 18-4 Conditional Execution 


8. What output value will the pseudocode below print if the start value is 7? 


program Confused 
begin 
input start value 
output value is 1 
if (start value is less than 5) then 
begin if 
output value is start value plus 2 
if (start value is less than 2) then 
begin if 
output value is output value times 3 
end if 
else 
begin else 
output value is output value times 2 
end else 
end if 
else 
begin else 
output value is start value minus 2 
if (start value is more than 7) then 
begin if 
if (start value is more than 9) 
begin if 
output value is output value divided by 3 
end if 
else 
begin else 
output value is output value divided by 2 
end else 
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end if 
else 
begin else 
if (start value is more then 6) then 
begin if 
output value is output value divided by 3 
end if 
else 


begin else 


output value is output value divided by 2 
end else 

end else 
end else 


print output value 
end Confused 


9. Rewrite the following pseudocode to replace the nested IF-THEN-ELSE statements with a 
CASE statement. 


program IdentifyKeyValue 
begin 


input key value 


if (key value equals "1") then 
begin if 
print "Key value equals 1" 
end if 
else 
begin else 
if (key value equals "2") then 
begin if 
print "Key value equals 2" 
end if 
else 


begin else 


if (key value equals "3") then 
begin if 
print "Key value equals 3" 
end if 
else 


begin else 
print "Key value is more than 3" 
end else 
end else 
end else 
end IdentifyKeyValue 
Section 18-5 Program Loops 


10. Which of the flowcharts in Figure 18-28 correspond to the FOR-TO-STEP, the WHILE-DO, 
and the REPEAT-UNTIL instructions? 


11. What output value will the following pseudocode print? 


program LoopAdder 
begin 


sum is 0 


for (index 


1) to (index equals 10) step (2) 
begin for-to-step 
sum is sum plus index plus 1 


end for-to-step 
print sum 


end LoopAdder 
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> FIGURE 18-28 | 


Program loop flowcharts for Specily Gum. 


Problem 10. (end), and 
(step) values 


Set index to 
(start) value 


en ae 


Execute loop 


instructions 
Is ee 
(condition) Adjust index Execute loop 
TRUE? by (step) value instructions 


Is 
(condition) 
TRUE? 


Does index 
exceed (end) 


Execute loop NO NO 


instructions 


Loop 1 Loop 2 Loop 3 


12. What output value will the following nested loop pseudocode print? 


program NestedLoopAdder 
begin 
sum = 0 
for (indexl = 1) to (index2 equals 3) step (1) 
begin for-to-step 
for (index2 = 1) to (index2 = indexl) step (1) 
begin for-to-step 
sum = sum + 1 
end for-to-step 
end for-to-step 
print sum 
end NestedLoopAdder 


Section 18-6 __ Branches and Subroutines 


13. What are three reasons why programs should avoid using unconditional branch instructions 
such as JUMP and GOTO? 


14. Write the pseudocode description for a subroutine called Compare Values that will allow you to 
rewrite the following pseudocode description: 


program NoSubroutineCall 
begin 
input Resistorl value 
input Resistor2 value 
print "First resistor value is " and Resistorl value 


print "Second resistor value is " and Resistor2 value 
if (Resistorl value is greater than Resistor2 value) then 
begin if 


print "First resistor value is greater than second 
resistor value" 
end if 
else 
begin else 
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print "Second resistor value is greater than first 


resistor value" 
end else 
input Resistor3 value 
input Resistor4 value 


print "First resistor value is 
print "Second resistor value is " and Resistor4 value 
if (Resistor3 value is greater than Resistor4 value) 


begin if 


print "First resistor value is greater than second 


resistor value" 
end if 
else 
begin else 


print "Second resistor value is greater than first 


resistor value" 
end else 
end NoSubroutineCall 


as 


program UseSubroutineCall 
begin 
call CompareValues(Resistorl1, 
call CompareValues (Resistor3, 
end UseSubroutineCall 


"and Resistor3 value 


Resistor2) 
Resistor4) 


4 4 
a 4 SN G ~ 
al ‘ - 
“oh aX ON : 


ANSWERS TO Opp- NUMBERED 


PROBLEMS 


' apter 1 21. See Figure ANS-2. 
1. 6 electrons; 6 protons ‘ 
3. (a) insulator (b) semiconductor (c) conductor / \ 
5. Four 
-32.5 V--- 
7. Conduction band and valence band 
9. Antimony is a pentavalent material. Boron is a trivalent mate- edd isc 


rial. Both are used for doping. 
23. V, = 8.33 V; Vpc = 25.8 V 


25. 556 uF 
Chapter 2? 24 Vi@p) = 1.25V; Vpc = 48.9V 
29. 4% 
31. See Figure ANS-3. 


11. No. The barrier potential is a voltage drop. 


1. p region 


3. To generate the forward bias portion of the characteristic 
curve, connect a voltage source across the diode for forward 


bias and place an ammeter in series with the diode and a volt- pad Vv 
meter across the diode. Slowly increase the voltage from zero VJ 


and plot the forward voltage versus the current. 


-10V 
5. (a) reversed-biased (b) forward-biased 


(c) forward-biased (d) forward-biased 
7. (a) -3V (b) OV (c) OV (d) OV 
9. See Figure ANS-1. 


A FIGURE ANS-3 


33. See Figure ANS-4. 


(a) 4 J % 


(b) +6.3 V -- 
(d) / \ / \ 
A FIGURE ANS-1 0 
0 
(e) oe \ / 
11. 63.7V -6.3 V-- 


13. 24 Vrms 12.3 V-- 
15. (a) 1.59 V (b) 63.7 V (c) 16.4 V (d) 10.5 V (f) i / \ ; \ 
17. 186 V 


19. 78.5 V A FIGURE ANS-4 
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35. See Figure ANS-S. 


A FIGURE ANS-5 


37. (a) 7.86 mA 
(c) 18.8 mA 


(b) 8.5 mA 
(d) 19.4mA 


39. (a) A sine wave with a positive peak at +0.7 V, a negative 
peak at —7.3 V, and a dc value of —3.3 V. 


(b) A sine wave with a positive peak at +29.3 V, a negative 
peak at —0.7 V, and a de value of +14.3 V. 


(c) A square wave varying from +0.7 V down to —15.3 V, 
with a dc value of —7.3 V. 


(d) A square wave varying from +1.3 V down to —0.7 V, 
with a de value of +0.3 V. 


41. 56.6V 

43. 100 V 

45. 500, 

47. V,=+25 V; Vp= 424.3 V; Vco=48.7 V; Vp = +8.0 V 
49. Reurge is open. Capacitor is shorted. 


51. The circuit should not fail because the diode ratings exceed 
the actual PIV and maximum current. 


53. The rectifier must be connected backwards. 
55. 177 uF 

57. 651 mQ (nearest standard 0.68 (2) 

59. See Figure ANS-6. 

61. Voy = 170 V; Veg = 338 V 

63. Diode open 

65. Diode shorted 


 3| 


All 1N4001 


A FIGURE ANS-6 


67. Diode shorted 

69. Diode open 

71. Diode shorted 

73. Diode open 

75. Reduced transformer turns ratio 
77. Diode leaky 


79. Load resistor open 


Chapter 3 
1. See Figure ANS-7. 


Zener equivalent 


a 51.0) 
o—=4|I|+ —1y,— 
Vz 7 


A FIGURE ANS-7 


50 

6.92 V 

14.3 V 

See Figure ANS-8. 


enw & 


a123 Vos 


-0.7V 


A FIGURE ANS-8 


11. 10.3% 
13. 3.13% 


= 


5 
5 


+9'V 


90 


5 
=| 
| | 
is 
S 
oO 
Bs 
Lp al 
I 


15. 5.88% 

17. 3V 

19. Vp = 3V 

21. See Figure ANS-9. 


A FIGURE ANS-9 


23. See Figure ANS-10. 
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39. (a) 1uV 


(b) 940 nm 


(c) 830 nm 


41. Vout) = 6.8 V; Vout) =24V 


43. See Figure ANS-11. 


A FIGURE ANS-11 


° 
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45. See Figure ANS-12. 


+12 V 


510 


aes 


+24 V 
R Roo 
383 0 383 0 
dD YW Dog N 
Ds A AN D100 N 
A FIGURE ANS-10 
25. (a) 30k0D (b) 8.57kO (c) 5.88kO 
27. —7500, 


29. The reflective ends cause the light to bounce back and forth, 
thus increasing the intensity of the light. The partially reflec- 
tive end allows a portion of the reflected light to be emitted. 


31. (a) ~30Vde 
(b) OV 


A FIGURE ANS-12 


47. Zener diode open 
49. Zener diode shorted 


Chapter 4 
1. Holes 


3. The base is narrow and lightly doped so that a small recombi- 
nation (base) current is generated compared to the collector 


current. 
5. Negative, positive 
7. 0.947 
9. 101.5 
11. 8.98 mA 


33. 
35. 
37. 


(c) Excessive 120 Hz ripple limited to 12 V by zener 


(d) Full-wave rectified waveform limited at 12 V by zener 


(e) 60 Hz ripple limited to 12 V 
(f) 60 Hz ripple limited to 12 V 


(g) OV 

(h) OV 

Incorrect transformer secondary voltage 

48 mW 

(a) 200 mA (b) 11 pF (c) 100 pF to 15.4 pF 


13. 
15. 
17. 


19. 
21. 
23. 
25. 
27. 


0.99 

5.3 V increase 

(a) Ven = 0.7 V, Veg = 5.10 V, Veg = 4.40 V 

(b) Veg = —0.7 V, Vcg = —3.83 V, Veg = —3.13 V 
Tp = 30 pA, Jp = 1.3mA, lo = 1.27mA 

3 A 

425 mW 

33:3 

1.1kO 
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29. 500 WA, 3.33 wA, 4.03 V 
31. 20mA 

33. 30 mA 

35. See Figure ANS-13. 


Case 
B isC EBC 


@E 
ee CD OC 
@B Varies 


A FIGURE ANS-13 


37. Open, low resistance 

39. (a) 27.8 (b) 109 

41. 600, 

43. (a) 40 V (b) 200 mA de 
(d) 500 mW (e) 70 

45. 840 mW 

47. (a) Saturated 


(c) 625 mW 


(b) Not saturated 
49. (a) No parameters are exceeded. 
(b) No parameters are exceeded. 
51. Yes, marginally; Vog = 1.5 V; Jc = 75mA 
53. See Figure ANS-14. 


Rp R, 


‘@ 2N3904 


A FIGURE ANS-14 


55. Rp shorted 

57. Collector-emitter shorted 
59. Rp leaky 

61. Rg open 


Chapter 5 


Saturation 

18 mA 

Vcr = 20 V; Ie(sat) = 2mA 

See Figure ANS-15. 

(a) Te(sat) = 50mA 

(b) Vcgcutorr) = 10 V 

(c) Igy = 250A; Io = 25mA; Vog = 5V 


ee od 


A FIGURE ANS-15 


11. 63.2 
13. Ic = 809 WA; Veg = 13.2 V 
15. See Figure ANS-16. 


VEE 
+9V 
Re 
1.0k0, 
iC) 
Ww 
Re 
2.2kO, 
A FIGURE ANS-16 
17. (a) —1.63 mA, —8.16 V (b) 13.3 mW 


19. Vg = —186mV; Vg = —0.886 V; Vo = 3.14 V 
21. 0.09 mA 

23. Ic = 16.3mA; Vcg = —6.95 V 

25. 2.53k0, 

27. 7.87 mA; 2.56 V 

29. Icg = 92.5mA; Vogg = 2.75 V 

31. 27.7 mA to 69.2 mA; 6.23 V to 2.08 V; Yes 

33. V,;=O0V, V.=0V,V3=8V 
35. (a) Open collector 


(b) No problems 


(c) Transistor shorted 
collector-to-emitter 


(d) Open emitter 


37. (a) 1:10 V, — 2: float, 3:-3.59V, 4:10V 
(b) 1:10 V, = 2: 4.05 V, 3: 4.75 V,  4:4.05 V 
(c) 1:10V,  2:0V, 3: OV, 4:10 V 
(d) 1:10 V,  2:570mV, 3: 1.27V, 4: float 
(e) 1:10V, 2:0V, 3: 0.7 V, 4:0V 
3 


(f) 1:10V, 2:0V, 3.59V, 4:10V 
39. R, open, Rz shorted, BE junction open 
41. Vo = Voc = 9.1 V, Vg normal, Vg = 0V 


43. None are exceeded. 
45. 457 mW 
47. See Figure ANS-17. 


+15 V 
° 


Re 
2.0kO0, 


2N3904 
Nearest standard values 


286 kO 
ae assuming Bpc = 100 


A FIGURE ANS-17 


49. See Figure ANS-18. 


9V 


Ro 
3.0kO 


2N3904 


A FIGURE ANS-18 


51. 
53. 


55. 
57. 
59. 


Yes 


Vcrq Will be less, causing the transistor to saturate at a slightly 


higher temperature, thus limiting the low temperature response. 


Rc open 
Ry open 
Rc shorted 


Chapter 6 


15. 


Slightly greater than 1 mA min. 

8.33.0 

r, = 190, 

See Figure ANS-19. 

37.5 mW 

(a) 1.29kO, (b) 968 O (c) 171 
(a) Ig = 2.63 mA (b) Ve = 2.63 V 
(c) Vg = 3.76V (d) Ic = 2.63 mA 
(e) Vo = 9.32 V (f) Voz = 6.69 V 
Aj, = 131;6 = 180° 
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DC equivalent 


22 kO 4.7kO, 1.0kO, 2.2kO, 


AC equivalent 


A FIGURE ANS-19 


17. A 


TAT Aa = 207 


v(mnax) 


19. A, is reduced to 30.1. See Figure ANS—20. 


= 1000 


S000 I 
a 


A FIGURE ANS-20 


21. 
23. 
25. 
27. 
29. 
31. 


33. 


35. 


Riwoy = FARO: Vou = 1.06-V 

270 0 

8.8 

Rintemiter) = 2.28 0;A, = 526;A; = 134, = 526 

400 

(a) A,; = 93.6, Ay = 303 

(b) Al, = 28,361 

(c) Ayyap) = 39.4 dB, Aya) = 49.6 dB, A‘ygp) = 89.1 dB 


Vet = 2.16 V, Ve = 1.46 V, Ver = 5.16 V, Veo = 5.16 V, 
Veo = 4.46V, Veo = 7.54V,A, = 66, Ay = 179, 
At. = 11,814 


(a) 1.41 
(d) 10.0 


(b) 2.00 
(e) 100 


(c) 3.16 
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37. V,: differential output voltage 
V>: noninverting input voltage 
V3: single-ended output voltage 
V4: differential input voltage 
I,: bias current 
39. (a) Single-ended differential input; differential output 
(b) Single-ended differential input; single-ended output 
(c) Double-ended differential input; single-ended output 
(d) Double-ended differential input; differential output 
41. Cutoff, 10 V 


43. TEST POINT DC VOLTS AC VOLTS (RMS) 

Input OV 25 wV 

Q base 2.99 V 20.8 nV 

Q, emitter 2.29 V OV 

Q, collector 7.44 V 1.95 mV 

Q> base 2.99 V 1.95 mV 

Q> emitter 2.29 V OV 

Q> collector 7.44.V 589 mV 
Output OV 589 mV 


45. (a) No output signal 

(b) Reduced output signal 

(c) No output signal 

(d) Reduced output signal 

(e) No output signal 

(f) Increased output signal (perhaps with distortion) 
47. (a) Q, is in cutoff (b) Veg (c) Unchanged 
49. (a) 700 (b) 400, (ec) 20kO 


51. A leaky coupling capacitor affects the bias voltages and 
attenuates the ac voltage. 


53. Make Ro = 69.1 0. 
55. See Figure ANS-21. 


+10 V 


R 
120 kO 


120 kO 


A FIGURE ANS-21 


2N3904 C 


A FIGURE ANS-22 


57. See Figure ANS—22. 
59. A, = Rc/r, 
Ay = (Vp,/Ic)/(0.025 V/Ic) = Vp_/0.025 = 40VpR,. 
61. Cy shorted 
63. C; open 
65. C3 open 


Chapter 7 


(b) A, = 11.7; A, = 263 


3. The changes are shown on Figure ANS—23. The advantage of 


this arrangement is that the load resistor is referenced to 


ground. 
+Vpp 
+15 V 
Reo 
360 
R, 
3300, = Ra G 
Ci 100 uF 
Vin 
- ¢ &) Q = 
V, 22 uF R, 
500 mV pp Ry = 100. 
1.0 kHz OED as W 


A FIGURE ANS-23 


5. (a) Ic = 54mA; Vop = 2.3V 
(b) Ic = 15.7mA; Veg = 2.39 V 


7. For Figure 7—43(a): 46 mA, 2.3 V; For Figure 7—43(b): 
10.2 mA, 2.39 V 


9. 169 mW 
11. (a) Va@y = 0.7 V; Veg2) = —0.7 V; Ve = 0V; 
Vegovon = 9 V3 Verg@2) = —9 Vlog = 8.3mA 
(b) P, = 0.5W 
13. 4570 
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15. (a) VB(Q1) = 8.2V; VB(02) = 6.8 V; D D 
Ve = 7.5V; 
ID Fa ee n-channel p-channel 


17. (a) C, open or Q> open 
(b) Power supply off, open R;, Q; base shorted to ground 4 FIGURE ANS-25 
(c) Q, has collector-to-emitter short 
(d) One or both diodes shorted 

19. 450 w.W 

21. 24V 

23. Negative half of input cycle 


11. —2.63V 

13. gm = 1429 uS, gg, = 1429 uS 

15. Vos = OV, Ip = 8mA 
Vos = -1V, Ip = 5.12mA 
Vos = —2V, Ip = 2.88mA 
Vos = —3 V, Ip = 1.28mA 
Vos = —4V, Ip = 0.320mA 
Vos = —5 V, Ip = OmA 


25. (a) No dc supply voltage or R, open 
(b) D> open 
(c) No fault 
(d) Q, shorted C-to-E 


17. 8000 
27. —15 V dc, output signal same as input signal 19. (a) 20mA (b) OA (eta 
29. The vertically oriented diode is connected backwards. 1. 2110 
ae 23. 9.80 MQ, 


33. Gain increases, then decreases at a certain value of Ic. 95. In = 53mA. Vac = 21V 
» fp = 9.5mMA, Ves = 24. 


27. Ig = 19 A Ves = =15V 
29. From 1.33 kO, to 2.67 kO 
31. 9350, 


33. The enhancement mode 


35. Tc is much closer to the actual junction temperature than T,. 
In a given operating environment, T, is always less than Tc. 


37. See Figure ANS—24. 


35. The gate is insulated from the channel. 

37. 4.69 mA 

39. (a) Depletion (b) Enhancement 
(c) Zero bias (d) Depletion 

41. (a) 4V (b) 5.4V (ec) —4.52V 

43. (a) 5V,3.18mA (b) 3.2 V, 1.02 mA 

45. The input resistance of an IGBT is very high because of the 
insulated gate structure. 

47. Rp or Rs open, JFET open D-to-S, Vpp = 0 V, or ground 
connection open. 


49. Essentially no change 


A FIGURE ANS-24 : ; : 
51. The 1.0 MC bias resistor is open. 


39. Cin open 53. Vqaos = 6V, Ip = 10MA;Vqos = 1V, Jp = SmA 

41. Q, collector-emitter open 55. 3.04 V 

43. Qp drain-source open 57. (a) -0.5V  (b) 25V— (ce) 310 mW (d) — 25 V 
59. 2000 uS 

Chapter 8 61. Ip = 14mA 

1. (a) Narrows (b) Increases 63. Ip = 13mA when Vos = +3V, Ip = 0.4mA when 

3. See Figure ANS—25. Vos = —-2V. 

5. 5V 65. —3.0V 

7. 10mA 67. Ip = 3.58mA; Veg = —4.21 V 

9. 


4v 69. 6.01 V 
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+12 V 
fo) 
ooo) 
Rp 
R, 2009 


A FIGURE ANS-26 


71. 
73. 
75. 
77. 
79. 


See Figure ANS-26. 
Rp shorted 

R, open 

Rp open 


Drain-source shorted 


Chapter 9 

1. (a) 60pA (b) 900 vA (c) 3.6mA (d) 6mA 
3. 14.2 

5. (a) n-channel D-MOSFET with zero-bias; Vos = 0 


(b) p-channel JFET with self-bias; Vgs = —0.99 V 


(c) n-channel E-MOSFET with voltage-divider bias; 
Vos a 3.84 Vv 


(a) n-channel D-DMOSFET 
(b) n-channel JFET 
(c) p-channel E-MOSFET 


Figure 9—16(b): approximately 4 mA 
Figure 9—16(c): approximately 3.2 mA 


- 920 mV 


(a) 4.32 (b) 9.92 
7.5mA 


» 2.54 


33.6 mV rms 


- 9.84M0, 


Vos = 9V: ip = 3.13 mA; Vps = 13.3 V; Va, = 675 mV 


» Rin = 10MQ;A, = 0.620 

- (a) 0.906 (b) 0.299 

. 2500 

. Ay = 2640; Ri, = 14.6MO 

. 0.95 

- 30 kHz 

» 40kO 

. (a) 3.3V (b) 3.3. V (c) 3.3V (d) OV 


. The MOSFET has lower on-state resistance and can turn off 


faster. 


43. 


45. 


47. 
49. 
51. 
53. 


(a) Vow = 0 V if Cy is open 

(b) Ay = 7.5, Ay2 = 2.24,A, = 16.8, Vou = 168 mV 
(c) Ves = OV for Q,. Ip = Ipss- Output is clipped. 
(d) No V,,,; because no signal at Q> gate. 

(a) —3.0V (b) 20 V de 

(c) 200 mW (d) +10 Vdc 

900 pS 

1.5 mA 

2.0; 6.82 

See Figure ANS-—27. 


+24 V 
o) 
S22 ka 


S"]s10 
—- 


| 2N3797 


A FIGURE ANS-27 


55. 
57. 
59. 
61. 


Cz open 
Rs shorted 
R, open 


Ry open 


Chapter 10 


1. 


11. 


13. 


15. 


17. 


a od 


If C; = Cy, the critical frequencies are equal, and they will 
both cause the gain to drop at 40 dB/decade below f.. 


BJT: Che, Ches Coes FET: Cys, Cods Cas 
812 pF 

Cin(milter) = 6-95 PF; Couranilier) = 5.28 pF 
24 mV rms; 34 dB 

(a) 3.01 dBm (b) 0 dBm 

(c) 6.02 dBm (d) —6.02 dBm 
(a) 318 Hz 

(b) 1.59 kHz 

At 0.1 f.: A, = 18.8 dB 

At fi: Ay = 35.8 dB 

At 10f,:A, = 38.8 dB 

Input RC circuit: f, = 3.34 Hz 
Output RC circuit: f, = 3.01 kHz 


Output f is dominant. 
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19. Input circuit: f, = 4.32 MHz 
Output circuit: f, = 94.9 MHz Va 0 


Input f. is dominant. 


29. 514 kHz ‘aie 


21. Input circuit: f. = 12.9 MHz N N 
Output circuit: f, = 54.5 MHz Vc 0 
Input f. is dominant. (\ & 
23. fo = 136 Hz, f., = 8 kHz Vr 0 
25. BW = 5.26 MHz, f.., = 5.26 MHz A FIGURE ANS-28 
27. 230 Hz; 1.2 MHz 440 mn 


31. ~2.5 MHz 
33. Increase the frequency until the output voltage drops to Triac 
3.54 V rms. This is f.,. triggers 
on 
35. 15.9 Hz 
-lmA 
37. No effect 445 AS 
39. 112 pF 
FIGURE ANS-29 
41. Cyg = 1.3 pF; Cy; = 3.7 pF; Cay = 3.7 pF = 
43. ~10.9 MHz 17. (a) 9.79 V (b) 5.2 V 
45. Rc open 19. See Figure ANS-30. 
47. R> open 


Chapter 11 


1. I, = 24.1 mA 
3. See “Turning the SCR On” in Section 11-2. 


5. When the switch is closed, the battery V> causes illumination 
of the lamp. The light energy causes the LASCR to conduct 
and thus energize the relay. When the relay is energized, the 
contacts close and 115 V ac are applied to the motor. 


meg Vass 
Vari 
0 


7. Add a transistor to provide inversion of negative half-cycle in A FIGURE ANS~30 


order to obtain a positive gate trigger. 


9. See Figure ANS—28. : : 
; 23. As the PUT gate voltage increases, the PUT triggers on later 
11. See Figure ANS—29. to the ac cycle causing the SCR to fire later in the cycle, con- 
13. Anode, cathode, anode gate, cathode gate duct for a shorter time, and decrease power to the motor. 


15. 6.48 V 25. See Figure ANS-31. 


21. OV 


110 V Vout 


1N4735 


75 Q, 1/4 W 


150.0, 1 W 75 Q, 1/4 W 


A FIGURE ANS-31 


940 ¢ ANswers TO ODD-NUMBERED PROBLEMS 


27. Cathode-anode shorted 
29. R, shorted 


Chapter 12 


1. Practical op-amp: High open-loop gain, high input imped- 
ance, low output impedance, high CMRR. 
Ideal op-amp: Infinite open-loop gain, infinite input imped- 
ance, zero output impedance, infinite CMRR. 


3. (a) Single-ended differential input 
(b) Double-ended differential input 
(c) Common-mode input 
5. 120 dB 
7. 8.1 pA 
1.6 V/s 
11. (a) Voltage-follower 
13. (a) Aguxy = 374 
(c) Vp = 9.99 mV rms 
15. (a) 49kQ = (b) 3M 
17. (a) 10 mV, in phase 
(b) —10 mV, 180° out of phase 
(c) 223 mV, in phase 
(d) —100 mV, 180° out of phase 
19. (a) Zing = 8:41 G0; Zany = 89.2 m0 
(b) Zinn = 6.20GO;Zoueny = 4.04mO 
©) Zinxt = 5.30GO;Zouyny = 19.0mO 


(b) Noninverting 
(b) Vou = 3.74 V rms 


(c) 84kO0 (d) 165kO, 


21. (a) Zing) = 10kKO5 Zou) = 5.12 m0 
(b) Zing) = 100kO; Zo.q) = 7.32 m0 
(c) Zin(t) = 470 3 Zour) = 6.22m0, 


23. (a) 2.69kO, (b) 1.45kO (c) 53kO 
R.. is placed between V;,. and the + input 

25. 175 nV 

27. Ay = 125,892; BW,; = 200 Hz 


29. (a) 0.997 (b) 0.923 (c) 0.707 
(d) 0.515 (e) 0.119 
31. (a) —51.5° (b) —7.17° (ec) —85.5° 
33. (a) 90 dB (b) —281° 
35. (a) 29.8 dB (b) 23.9 dB (c) 0dB 


All are closed-loop gains. 

37. 71.7 dB 

39. (a) AcvR) = 1; BW = 2.8 MHz 
(b) Agig) = —45.5; BW = 61.6 kHz 
(c) Agany = 13; BW = 215 kHz 
(d) Agig) = —179; BW = 15.7 kHz 

41. (a) Faulty op-amp or R; open 


(b) R open, forcing open-loop operation 


(c) Inverting 


43. 


45. 
47. 
49. 
51. 


The gain becomes a fixed — 100, with no effect as the gain 
potentiometer is adjusted. 


Op-amp gain will be reduced by 100. 
Zin(ND) = 3.96 GO 

50,000 

See Figure ANS-32. 


9100 820 


A FIGURE ANS-32 


53. 


See Figure ANS-33. 


Ve ut 


A FIGURE ANS-33 


55. 


See Figure ANS-34. 


O Vou 


A FIGURE ANS-34 


57. 
59. 
61. 


Ry open 
Ry leaky 
Ry shorted 


63. 
65. 
67. 
69. 
71. 


Ry leaky 
R; shorted 
Ry open 
Ry open 
R; open 


Chapter 13 


1. 
3. 
5. 


24 V, with distortion 
Vutp = 2.77 V, Virp = —2.77 V 
See Figure ANS-35. 


A FIGURE ANS-35 


7. 8.57 V and —0.968 V 
9. (a) —-2.5V 


11. 
13. 
15. 
17. 
19. 


-0.5 V 


(b) —3.52V 

110k0, 

Vout = —3.57V, Ip = 357 pA 
—4.06 mV/s 

1mA 

See Figure ANS-36. 


10 ms 20 ms 


30 ms 


40 ms 


A FIGURE ANS-36 


21. 
23. 
25. 
27. 


29. 
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Output not correct; R> is open. 

50 kQ. resistor open 

An increase in susceptibility to power line noise. 
min. duty cycle = 6.39% 

max. duty cycle = 93.6% 

Jin = 100 kHz. See Figure ANS-37. 


15kQ 1500 


Vo ut 


A FIGURE ANS-37 


31. 
33. 
35. 
37. 
39. 


Op-amp inputs shorted together 
Dj shorted 

Middle 10 kQ) resistor shorted 
Ry open 

C open 


Chapter 14 


11. 
13. 


15. 
17. 
19. 
21. 
23. 
25. 


27. 


SSP GE 


Aya) = Ava) = 101 

1.005 V 

51.5 

Change Rg to 2.2kQ. 

300 

Change the 18k, resistor to 68 kQ). 


Connect pin 6 directly to pin 10, and connect pin 14 directly 
to pin 15 to make Ry = 0. 


500 nA, 5 V 

A, = 11.6 

See Figure ANS-38. 

See Figure ANS-39. 

(a) —0.301 (b) 0.301 (c) 1.70 (d) 2.11 


The output of a log amplifier is limited to 0.7 V because of 
the transistor’s pn junction. 


—157 mV 


942 ¢ ANsweRs TO ODD-NUMBERED PROBLEMS 


46.69 V === pa q-pp------- 


+5.87 V----F44i- TIA 


+5.04 V---- 


Seeee sees eee 7 


44,22 V=-<+ 


43.81 V---- 


0 


-3.81V---- 


| 
=4,22Voos—4th 


A FIGURE ANS-38 


ee ae ae a Lid 


A FIGURE ANS-39 


29, Voutinaxy = —147 MV, Vourmin) = —89.2 mV; the | V input 
peak is reduced 85% whereas the 100 mV input peak is 


reduced only 10%. 
31. See Figure ANS—40. 


Vin 


out 


A FIGURE ANS-40 


33. R open 
35. Zener diode open 


Chapter 15 

1. (a) Band-pass (b) High-pass 
(c) Low-pass (d) Band-stop 

3. 48.2 kHz, No 

5. 700 Hz, 5.04 

7. (a) 1, not Butterworth 
(b) 1.44, approximate Butterworth 
(c) Ist stage: 1.67; 2nd stage: 1.67; Not Butterworth 

9. (a) Chebyshev (b) Butterworth 
(c) Bessel (d) Butterworth 

11. 190 Hz 


13. Add another identical stage and change the ratio of the feed- 
back resistors to 0.068 for first stage, 0.586 for second stage, 
and 1.482 for third stage. 


15. Exchange positions of resistors and capacitors. 
17. (a) Decrease R, and R or C; and C). 

(b) Increase R3 or decrease Ry. 
19. (a) fo = 4.95 kHz, BW = 3.84 kHz 

(b) fo = 449 Hz, BW = 96.4 Hz 

(ec) fo = 15.9kHz, BW = 838 Hz 


21. Sum the low-pass and high-pass outputs with a two-input 
adder. 


23. Ry, shorted 
25. C3 shorted 


27. R, open 
29. R, open 
31. R7 open 


Chapter 16 


An oscillator requires no input (other than de power). 
45 = 0.0133 

733 mV 

50kO, 

2.34k0, 

136 kQ, 628 Hz 

10 


. Change R, to 3.54k0, 
. Ry = 65.8kQ, Rs = 47kO 


3.33 V, 6.67 V 


- 0.0076 nF 
. Drain-to-source shorted 
. Collector-to-emitter shorted 


. Ry open 


Chapter 17 
1. 0.0333% 


1.01% 


5. A: Reference voltage, B: Control element, C: Error detector, 


D: Sampling circuit 


7. 851V 
9. 9.57V 


11. 
13. 
15. 
17. 
19. 
21. 
23. 
25. 
27. 
29. 


500 mA 

10 mA 

Fumax) = 250 mA, Pry = 6.25 W 
40% 

Vout decreases 

14.3 V 

1.3 mA 

2.8 0, 

Rimit = 0.35 0 

See Figure ANS-41. 


A FIGURE ANS-41 


31. 
33. 


R> leaky 


Q> collector-to-emitter open 
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Chapter 18 


1, 


11. 


13. 


Simple instructions, conditional instructions, loop instruc- 
tions, branching instructions, and exception instructions 


One possible pseudocode description is 


program PrintAverage 
begin 
input first number 
input second number 
input third number 
sum is first number plus second 
number plus third number 
average is sum divided by 3 
print average 
end PrintAverage 


Advantages of electromechanical relays are good 
electrical isolation and high current and voltage handling 
ability. 


The flowchart represents a simple sequential program, as none 
of the program operations alters the sequence of program 
execution from its linear process flow. 


One possible pseucode description is 


NewIdentifyKeyValue 
begin 
input key value 
case (key value) 
begin case 
wading print "Key value equals 1" 
break 
print "Key value equals 2" 
break 
print "Key value equals 3" 
break 
default: print "Key value is more than 3" 
break 


non, 


mu, 


end case 
end NewIdentifyKeyValue 


The FOR-TO-STEP loop will execute once each for index 
values of | through 10, and exit on an index value of 11. 
The sum begins at 0 and each loop will add the index value 
plus 1, so 
sum = (1+1) + (2+1) + (34+1) + (441) + (5+1) + (641) 
+ (7+1) + (8+1) + (9+1) + 041) 

=24+34+4+54+6+74+81+9+10+11 

=65 
(a) Unconditional branches too often encourage poor 


programming practices by compensating for poorly 
designed code. 


(b) Unrestricted unconditional branching typically results in 
“spaghetti code” that is difficult to modify and maintain. 


(c) Replacing the branch instruction with the desired target 
instruction(s) produces the same result as the uncondi- 
tional branch, so that unconditional branches are often 
unnecessary. 


. 
ac ground A point in a circuit that appears as ground to ac 
signals only. 

active filter A frequency-selective circuit consisting of active 
devices such as transistors or op-amps coupled with reactive 
components. 

A/D conversion A process whereby information in analog form 
is converted into digital form. 

alpha (@) The ratio of dc collector current to dc emitter current in 
a bipolar junction transistor. 

amplification The process of increasing the power, voltage, or 
current by electronic means. 

amplifier An electronic circuit having the capability to amplify 
power, voltage, or current. 

analog Characterized by a linear process in which a variable 
takes on a continuous set of values. 


analog switch A device that switches an analog signal on and off. 
anode The p region of a diode. 


antilogarithm The result obtained when the base of a number is 
raised to a power equal to the logarithm of that number. 


assembly language A low-level programming language that 
represents each machine language instruction with an English-like 
instruction that is easier to remember than groups of Os and Is. 
astable Characterized by having no stable states. 

atom The smallest particle of an element that possesses the 
unique characteristics of that element. 

atomic number The number of protons in an atom. 

attenuation The reduction in the level of power, current, or voltage. 
automated test system A system that operates under the control 
of an automated controller to conduct tests on a component, circuit, 
or system. 

avalanche breakdown The higher voltage breakdown in a zener 
diode. 

avalanche effect The rapid buildup of conduction electrons due 
to excessive reverse-bias voltage. 


band gap The difference in energy between energy levels in an 
atom. 


band-pass filter A type of filter that passes a range of frequencies 
lying between a certain lower frequency and a certain higher 
frequency. 

band-stop filter A type of filter that blocks or rejects a range of 
frequencies lying between a certain lower frequency and a certain 
higher frequency. 
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bandwidth The characteristic of certain types of electronic circuits 
that specifies the usable range of frequencies that pass from input 
to output. 


barrier potential The amount of energy required to produce full 
conduction across the pn junction in forward bias. 


base One of the semiconductor regions in a BJT. The base is very 
thin and lightly doped compared to the other regions. 


Bessel A type of filter response having a linear phase characteristic 
and less than —20 dB/decade/pole rolloff. 


beta (8) The ratio of dc collector current to dc base current in a 
BJT; current gain from base to collector. 


bias The application of a dc voltage to a diode, transistor, or other 
device to produce a desired mode of operation. 


bipolar Characterized by both free electrons and holes as current 
carriers. 


BJT Bipolar junction transistor; a transistor constructed with 
three doped semiconductor regions separated by two pn junctions. 


Bode plot An idealized graph of the gain in dB versus frequency 
used to graphically illustrate the response of an amplifier or filter. 


bounding The process of limiting the output range of an ampli- 
fier or other circuit. 


branching Redirection of program execution to some program 
location other than what immediately follows in memory. 


breakdown The phenomenon of a sudden and drastic increase 
when a certain voltage is reached across a device. 


bridge rectifier A type of full-wave rectifier consisting of diodes 
arranged in a four-cornered configuration. 


Butterworth A type of filter response characterized by flatness 
in the passband and a —20 dB/decade/pole roll-off. 


bypass capacitor A capacitor placed across the emitter resistor 
of an amplifier. 


CAM Configurable analog module; a predesigned analog circuit 
used in an FPAA or dpASP for which some of its parameters can 
be selectively programmed. 


capacitance ratio The ratio of varactor capacitances at minimum 
and at maximum reverse voltages. 


cascade An arrangement of circuits in which the output of one 
circuit becomes the input to the next. 


cascode A FET amplifier configuration in which a common- 
source amplifier and a common-gate amplifier are connected in a 
series arrangement. 


cathode The n region of a diode. 


center-tapped rectifier A type of full-wave rectifier consisting of 
a center-tapped transformer and two diodes. 


channel The conductive path between the drain and source in a 
FET. 


Chebyshev A type of filter response characterized by ripples in 
the passband and a greater than—20 dB/decade/pole roll-off. 


clamper A circuit that adds a dc level to an ac voltage using a 
diode and a capacitor. 


class A A type of amplifier that operates entirely in its linear 
(active) region. 


class AB A type of amplifier that is biased into slight conduction. 


class B_ A type of amplifier that operates in the linear region for 
180° of the input cycle because it is biased at cutoff. 


class C A type of amplifier that operates only for a small portion 
of the input cycle. 


class D A nonlinear amplifier in which the transistors are operated 
as switches. 


clipper See Limiter. 


closed-loop An op-amp configuration in which the output is 
connected back to the input through a feedback circuit. 


closed-loop voltage gain (A,;) The voltage gain of an op-amp 
with external feedback. 


CMOS Complementary MOS. 


CMRR Common-mode rejection ratio; the ratio of open-loop 
gain to common-mode gain; a measure of an op-amp’s ability to 
reject common-mode signals. 


coherent light Light having only one wavelength. 


cohesion An indication of how well a procedure or program 
keeps together the code associated with a specific task. 


collector The largest of the three semiconductor regions of a BJT. 


common-base (CB) A BJT amplifier configuration in which the 
base is the common terminal to an ac signal or ground. 


common-collector (CC) A BJT amplifier configuration in which 
the collector is the common terminal to an ac signal or ground. 
common-drain (CD) A FET amplifier configuration in which the 
drain is the grounded terminal. 

common-emitter (CE) A BJT amplifier configuration in which 
the emitter is the common terminal to an ac signal or ground. 
common-gate (CG) A FET amplifier configuration in which the 
gate is the grounded terminal. 

common mode A condition where two signals applied to differ- 
ential inputs are of the same phase, frequency, and amplitude. 
common-source (CS) A FET amplifier configuration in which 
the source is the grounded terminal. 


comparator A circuit which compares two input voltages and 
produces an output in either of two states indicating the greater or 
less than relationship of the inputs. 


complementary symmetry transistors Two transistors, one npn, 
and one pnp, having matched characteristics. 


conditional execution The selective processing of program 
instructions based upon the validity of some condition. 


conduction electron A free electron. 
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conductor A material that conducts electrical current very well. 


core The central part of an atom, includes the nucleus and all but 
the valence electrons. 


coupling An indication of how much one part of a program 
interacts with or potentially affects another part of the program. 


covalent Related to the bonding of two or more atoms by the 
interaction of their valence electrons. 


critical frequency The frequency at which the response of an 
amplifier or filter is 3 dB less than at midrange. 


crossover distortion Distortion in the output of a class B push-pull 
amplifier at the point where each transistor changes from the 
cutoff state to the on state. 


crystal A solid material in which the atoms are arranged in a 
symmetrical pattern. 


CTR Current transfer ratio. An indication of how efficiently a 
signal is coupled from input to output. 


current The rate of flow of electrical charge. 


current mirror A circuit that uses matching diode junctions to 
form a current source. The current in a diode junction is reflected 
as a matching current in the other junction (which is typically the 
base-emitter junction of a transistor). Current mirrors are commonly 
used to bias a push-pull amplifier. 


cutoff The nonconducting state of a transistor. 
cutoff frequency Another term for critical frequency. 


cutoff voltage The value of the gate-to-source voltage that makes 
the drain current approximately zero. 


D/A conversion The process of converting a sequence of digital 
codes to an analog form. 


damping factor A filter characteristic that determines the type of 
response. 


dark current The amount of thermally generated reverse current 
in a photodiode in the absence of light. 


Darlington pair A configuration of two transistors in which the 
collectors are connected and the emitter of the first drives the base 
of the second to achieve beta multiplication. 


dBm A unit for measuring power levels referenced to 1 mW. 


dc load line A straight line plot of J¢ and Vcg for a transistor 
circuit. 


dc power supply The dc power of an amplifier with no input 
signal. 


decade A ten-times increase or decrease in the value of a quantity 
such as frequency. 


decibel (dB) A logarithmic measure of the ratio of one power to 
another or one voltage to another. 


depletion In a MOSFET, the process of removing or depleting 
the channel of charge carriers and thus decreasing the channel 
conductivity. 


depletion region The area near a pn junction on both sides that 
has no majority carriers. 


diac A two-terminal four-layer semiconductor device (thyristor) 
that can conduct current in either direction when properly 
activated. 
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differential amplifier (diff-amp) An amplifier in which the 
output is a function of the difference between two input voltages, 
used as the input stage of an op-amp. 


differential mode A mode of op-amp operation in which two 
opposite polarity signal voltages are applied to two inputs (double- 
ended) or in which a signal is applied to one input and ground to 
the other (single-ended). 


differentiator A circuit that produces an output which approxi- 
mates the instantaneous rate of change of the input function. 


digital Characterized by a process in which a variable takes on 
either of two values. 


diode A semiconductor device with a single pn junction that 
conducts current in only one direction. 


diode drop The voltage across the diode when it is forward-biased; 
approximately the same as the barrier potential and typically 0.7 V 
for silicon. 

doping The process of imparting impurities to an intrinsic semicon- 
ductive material in order to control its conduction characteristics. 
downloading The process of implementing the software descrip- 
tion of a circuit in an FPAA. 


drain One of the three terminals of a FET analogous to the 
collector of a BJT. 


dynamic reconfiguration The process of downloading a design 
modification or new design in an FPAA while it is operating in a 
system without the need to power down or reset the system; also 
known as “on-the-fly” reprogramming. 

dynamic resistance The nonlinear internal resistance of a semi- 
conductive material. 


efficiency The ratio of the signal power delivered to a load to the 
power from the power supply of an amplifier. 
electroluminescence The process of releasing light energy by the 
recombination of electrons in a semiconductor. 

electron cloud In the quantum model, the area around an atom’s 
nucleus where an electron can probably be found. 

electrostatic discharge (ESD) The discharge of a high voltage 
through an insulating path that can destroy an electronic device. 
electron The basic particle of negative electrical charge. 
electron-hole pair The conduction electron and the hole created 
when the electron leaves the valence band. 


emitter The most heavily doped of the three semiconductor 
regions of a BJT. 


emitter-follower A popular term for a common-collector amplifier. 


enhancement In a MOSFET, the process of creating a channel or 
increasing the conductivity of the channel by the addition of 
charge carriers. 


feedback The process of returning a portion of a circuit’s output 
back to the input in such a way as to oppose or aid a change in the 
output. 


feedback oscillator An electronic circuit that operates with posi- 
tive feedback and produces a time-varying output signal without 
an external input signal. 


FET Field-effect transistor; a type of unipolar, voltage-controlled 
transistor that uses an induced electric field to control current. 


filter In a power supply, a capacitor used to reduce the variation 
of the output voltage from a rectifier; a type of circuit that passes 
or blocks certain frequencies to the exclusion of all others. 


floating point A point in the circuit that is not electrically con- 
nected to ground or a “solid” voltage. 


flowchart A graphical means of representing the organization and 
process flow of a program using distinctively-shaped interconnected 
blocks. 


fold-back current limiting A method of current limiting in voltage 
regulators. 


forced commutation A method of turning off an SCR. 
forward bias The condition in which a diode conducts current. 


forward-breakover voltage (Vgr(p)) The voltage at which a 
device enters the forward-blocking region. 


4-layer diode The type of two-terminal thyristor that conducts 
current when the anode-to-cathode voltage reaches a specified 
“breakover” value. 


FPAA Field-programmable analog array; an integrated circuit 
that can be programmed for implementation of an analog circuit 
design. 


free electron An electron that has acquired enough energy to 
break away from the valance band of the parent atom; also called 
a conduction electron. 


frequency response The change in gain or phase shift over a 
specified range of input signal frequencies. 


full-wave rectifier A circuit that converts an ac sinusoidal input 
voltage into a pulsating de voltage with two output pulses occur- 
ring for each input cycle. 


fuse A protective device that burns open when the current exceeds 
a rated limit. 


gain The amount by which an electrical signal is increased or 
amplified. 


gain-bandwidth product A constant parameter which is always 
equal to the frequency at which the op-amp’s open-loop gain is 
unity (1). 

gate One of the three terminals of a FET analogous to the base of 
a BJT. 


germanium A semiconductive material. 


half-wave rectifier A circuit that converts an ac sinusoidal input 
voltage into a pulsating dc voltage with one output pulse occurring 
for each input cycle. 


hierarchical structure A means of using multiple levels of detail 
to represent information, with subparts of higher levels shown in 
greater detail in lower levels. 


high-level languages Programming languages in which each in- 
struction represents multiple machine language instructions and 
do not interact directly with the computer hardware. 


high-level programming Programming in which instructions 
represent multiple machine language instructions and do not inter- 
act directly with the processor hardware. 


high-pass filter A type of filter that passes frequencies above a 
certain frequency while rejecting lower frequencies. 


holding current (Jy) The value of the anode current below which a 
device switches from the forward-conduction region to the forward- 
blocking region. 

hole The absence of an electron in the valence band of an atom. 


hysteresis Characteristic of a circuit in which two different trigger 
levels create an offset or lag in the switching action. 


IGBT Insulated-gate bipolar transistor; a device that combines 
features of the MOSFET and the BJT and used mainly for high- 
voltage switching applications. 


infinite loop A program loop that executes indefinitely because 
either (1) a condition for exiting the loop is never specified or 
(2) the loop execution never satisfies a specified condition for 
exiting the loop. 


infrared (IR) Light that has a range of wavelengths greater than 
visible light. 


input resistance The resistance looking in at the transistor base. 


instruction set The set of binary patterns that the hardware of a 
microprocessor can decode and execute. 


instrumentation amplifier An amplifier used for amplifying 
small signals riding on large common-mode voltages. 


insulator A material that does not conduct current. 


integrated circuit (IC) A type of circuit in which all the compo- 
nents are constructed on a single tiny chip of silicon. 


integrator A circuit that produces an output which approximates 
the area under the curve of the input function. 


intrinsic The pure or natural state of a material. 


inverting amplifier An op-amp closed-loop configuration in 
which the input signal is applied to the inverting input. 


ionization The removal or addition of an electron from or to a 
neutral atom so that the resulting atom (called an ion) has a net 
positive or negative charge. 


irradiance (EF) The power per unit area at a specified distance for 
the LED; the light intensity. 


isolation amplifier An amplifier with electrically isolated internal 
stages. 


JFET Junction field-effect transistor; one of two major types of 
field-effect transistors. 


label A symbolic reference to a specific location in a program 
that permits instructions in other locations to refer to it. 


large-signal A signal that operates an amplifier over a significant 
portion of its load line. 


LASCR Light-activated silicon-controlled rectifier; a four-layer 
semiconductor device (thyristor) that conducts current in one 
direction when activated by a sufficient amount of light and 
continues to conduct until the current falls below a specified value. 


laser Light amplification by stimulated emission of radiation. 


light-emitting diode (LED) A type of diode that emits light 
when there is forward current. 


limiter A diode circuit that clips off or removes part of a wave- 
form above and/or below a specified level. 


linear Characterized by a straight-line relationship. 
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linear region The region of operation along the load line between 
saturation and cutoff. 


linear regulator A voltage regulator in which the control element 
operates in the linear region. 


line regulation The change in output voltage for a given change 
in input (line) voltage, normally expressed as a percentage. 


load The amount of current drawn from the output of a circuit 
through a load resistance. 


load regulation The change in output voltage for a given change 
in load current, normally expressed as a percentage. 


logarithm An exponent; the logarithm of a quantity is the exponent 
or power to which a given number called the base must be raised 
in order to equal the quantity. 


loop gain An op-amp’s open-loop gain times the attenuation. 


low-pass filter A type of filter that passes frequencies below a 
certain frequency while rejecting higher frequencies. 


machine language A low-level binary programming language 
that consists of instructions that can interact directly with the 
processor hardware. 


majority carrier The most numerous charge carrier in a doped 
semiconductive material (either free electrons or holes). 


midrange gain The gain that occurs for the range of frequencies 
between the lower and upper critical frequencies. 


minority carrier The least numerous charge carrier in a doped 
semiconductive material (either free electrons or holes). 


modulation The process in which a signal containing information 
is used to modify a characteristic of another signal such as ampli- 
tude, frequency, or pulse width so that the information on the first 
is also contained on the second. 


monochromatic Related to light of a single frequency; one color. 


MOSFET Metal oxide semiconductor field-effect transistor; one 
of two major types of FETs; sometimes called IGFET for insulated- 
gate FET. 


multistage Characterized by having more than one stage; a 
cascaded arrangement of two or more amplifiers. 


natural logarithm The exponent to which the base e 
(e = 2.71828) must be raised in order to equal a given quantity. 


negative feedback The process of returning a portion of the out- 
put signal to the input of an amplifier such that it is out of phase 
with the input signal. 


nesting The use of an instruction type within another instruction 
of the same type. 


neutron An uncharged particle found in the nucleus of an atom. 
noise An unwanted signal that affects the quality of a desired signal. 


noninverting amplifier An op-amp closed-loop configuration in 
which the input signal is applied to the noninverting input. 


nucleus The central part of an atom containing protons and 
neutrons. 


object A programming entity that contains data and functions 
that characterize it and exhibits the characteristics of encapsulation, 
inheritance, and polymorphism. 
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object-oriented programming Program that focuses on the 
behavior and interaction of programming objects. 


octave A two-times increase or decrease in the value of a quantity 
such as frequency. 


ohmic region The portion of the FET characteristic curve lying 
below pinch-off in which Ohm’s law applies. 


OLED Organic light-emitting diode; a device that consists of two 
or three layers of materials composed of organic molecules or 
polymers that emit light with an application of voltage. 

open-loop voltage gain (A,;) The voltage gain of an op-amp 
without external feedback. 

operational amplifier (op-amp) A type of amplifier that has a 
very high voltage gain, very high input impedance, very low output 
impedance, and good rejection of common-mode signals. 
operational transconductance amplifier (OTA) A voltage-to- 
current amplifier. 

optocoupler A device in which an LED is used to couple a 
photodiode or a phototransistor in a single package. 


orbit The path an electron takes as it circles around the nucleus 
of an atom. 


orbital Subshell in the quantum model of an atom. 
order The number of poles in a filter. 


oscillator A circuit that produces a periodic waveform on its 
output with only the de supply voltage as its input. 


output resistance The resistance looking in at the transistor 
collector. 


passband The range of frequencies that are allowed to pass 
through a filter with minimum attenuation. 


peak inverse voltage (PIV) The maximum value of reverse 
voltage across a diode that occurs at the peak of the input cycle 
when the diode is reversed-biased. 

pentavalent Describes an atom with five valence electrons. 
phase inversion A 180° change in the phase of a signal. 


phase shift The relative angular displacement of a time-varying 
function relative to a reference. 


phase-shift oscillator A type of feedback oscillator that is 
characterized by three RC circuits in the positive feedback loop 
that produces a phase shift of 180°. 


photodiode A diode in which the reverse current varies directly 
with the amount of light. 


photon A particle of light energy. 


phototransistor A transistor in which base current is produced 
when light strikes the photosensitive semiconductor base region. 


photovoltaic effect The process where by light energy is converted 
directly into electrical energy. 


piezoelectric effect The property of a crystal whereby a changing 
mechanical stress produces a voltage across the crystal. 


pinch-off voltage The value of the drain-to-source voltage of a 
FET at which the drain current becomes constant when the gate- 
to-source voltage is zero. 


pixel In an LED display screen, the basic unit for producing 
colored light and consisting of red, green, and blue LEDs. 


platform A specific combination of a computer and operating 
system. 


pn junction The boundary between two different types of 
semiconductive materials. 


pole A circuit containing one resistor and one capacitor that 
contributes —20 dB/decade to a filter’s roll-off. 


positive feedback The return of a portion of the output signal to 
the input such that it reinforces and sustains the output. This 
output signal is in phase with the input signal. 


power gain The ratio of output power to input power of an 
amplifier. 


power supply A circuit that converts ac line voltage to dc voltage 
and supplies constant power to operate a circuit or system. 


process flow The sequence of execution of instructions in a 
program. 


program A series of instructions that has a computer perform 
some specific task or achieve some specific objective. 


program loop A sequence of execution in which a program 
returns to a previous point of execution. 


programming Specifying the sequence of instructions required 
for a computer to accomplish some specific task or to achieve 
some specific objective. 


programming language A set of instructions and rules for their 
use that allow programmers to provide a processor with the neces- 
sary information to accomplish some specific task. 


proton The basic particle of positive charge. 


pseudocode A textual means of representing the organization and 
process flow of a program using generic descriptions of program 
operations. 


pulse width modulation A process in which a signal is converted 
to a series of pulses with widths that vary proportionally to the 
signal amplitude. 


push-pull A type of class B amplifier with two transistors in 
which one transistor conducts for one half-cycle and the other 
conducts for the other half-cycle. 


PUT Programmable unijunction transistor; a type of three-terminal 
thyristor (more like an SCR than a UJT) that is triggered into 
conduction when the voltage at the anode exceeds the voltage at the 
gate. 


Q-point The dc operating (bias) point of an amplifier specified 
by voltage and current values. 


quality factor (Q) For a reactive component, a figure of merit 
which is the ratio of energy stored and returned by the component 
to the energy dissipated; for a band-pass filter, the ratio of the 
center frequency to its bandwidth. 


quantum dots A form of nanocrystals made from semiconductor 
material such as silicon, germanium, cadmium sulfide, cadmium 
selenid and indium phosphide. 


radiant intensity (Ig) The output power of an LED per steradian 
in units of mW/sr. 


radiation The process of emitting electromagnetic or light energy. 


recombination The process of a free (conduction band) electron 
falling into a hole in the valence band of an atom. 


rectifier An electronic circuit that converts ac into pulsating dc; 
one part of a power supply. 


regulator An electronic device or circuit that maintains an essen- 
tially constant output voltage for a range of input voltage or load 
values; one part of a power supply. 


relaxation oscillator An electronic circuit that uses an RC timing 
circuit to generate a nonsinusoidal waveform without an external 
input signal. 

reverse bias The condition in which a diode prevents current. 


ripple factor A measure of effectiveness of a power supply filter 
in reducing the ripple voltage; ratio of the ripple voltage to the dc 
output voltage. 


ripple voltage The small variation in the dc output voltage of a 
filtered rectifier caused by the charging and discharging of the 
filter capacitor. 


r parameter One of a set of BJT characteristic parameters that 
include apc, Bpc, re, ’p, and r’.. 


roll-off The rate of decrease in the gain above or below the critical 
frequencies of a filter. 


saturation The state of a BJT in which the collector current has 
reached a maximum and is independent of the base current. 


schematic A symbolized diagram representing an electrical or 
electronic circuit. 


Schmitt trigger A comparator with built-in hysteresis. 


SCR Silicon-controlled rectifier; a type of three-terminal thyristor 
that conducts current when triggered on by a voltage at the single 
gate terminal and remains on until the anode current falls below a 
specified value. 


SCS Silicon-controlled switch; a type of four-terminal thyristor 
that has two gate terminals that are used to trigger the device on 
and off. 


semiconductor A material that lies between conductors and insu- 
lators in its conductive properties. 


sequential programming Programming in which instructions 
execute in the order in which they appear in the program. 


shell An energy band in which electrons orbit the nucleus of an 
atom. 


signal compression The process of scaling down the amplitude 
of a signal voltage. 


silicon A semiconductive material. 


slew rate The rate of change of the output voltage of an op-amp 
in response to a step input. 


source One of the three terminals of a FET analogous to the emit- 
ter of a BJT. 


source code The instructions written by a programmer to create a 
program. Special programs called assemblers and compilers con- 
vert the program source code into the executable machine code 
that a processor can execute. 


source-follower The common-drain amplifier. 
spectral Pertaining to a range of frequencies. 


stability A measure of how well an amplifier maintains its design 
values (Q-point, gain, etc.) over changes in beta and temperature. 
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stack A region of memory, primarily under automatic control of 
the processor, that temporarily stores program information during 
program execution. 


stage One of the amplifier circuits in a multistage configuration. 


standoff ratio The characteristic of a UJT that determines its 
turn-on point. 

stiff voltage divider A voltage divider for which loading effects 
can be neglected. 


subroutine A sequence of instructions, usually written separately 
from the main program, that accomplishes a specific task in a 
program. 


subroutine call A controlled branch in a program that redirects 
execution to a subroutine, executes the subroutine instructions, 
and resumes execution at the instruction that immediately follows 
the subroutine call instruction. 


summing amplifier An op-amp configuration with two or more 
inputs that produces an output voltage that is proportional to the 
negative of the algebraic sum of its input voltages. 


switched-capacitor circuit A combination of a capacitor and 
transistor switches used in programmable analog devices to 
emulate resistors. 


switching current (fg) The value of anode current at the point 
where the device switches from the forward-blocking region to the 
forward-conduction region. 


switching regulator A voltage regulator in which the control 
element operates as a switch. 


Sziklai pair A complementary Darlington arrangement. 


test controller The component in an automated test system that 
executes the test code that defines the test tasks, configures the 
other components in the test system, and coordinates the activities 
of the test system components. 


test equipment The components in an automated test system 
that provide the voltages, signals, and currents for the unit under 
test. 


test fixture The component in an automated test system that 
selectively connects the test equipment and instrumentation to the 
unit under test. 


test instrumentation The components in an automated test 
system that measure and record the response of the unit under test 
to the test equipment. 


thermal overload A condition in a rectifier where the internal 
power dissipation of the circuit exceeds a certain maximum due to 
excessive current. 


thermistor A temperature-sensitive resistor with a negative 
temperature coefficient. 


thyristor A class of four-layer (pnpn) semiconductor devices. 


transconductance (g,,) The ratio of a change in drain current to 
a change in gate-to-source voltage in a FET; in general, the ratio 
of the output current to the input voltage. 


transformer An electrical device constructed of two or more 
coils (windings) that are electromagnetically coupled to each other 
to provide a transfer of power from one coil to another. 


transistor A semiconductive device used for amplification and 
switching applications. 
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triac A three-terminal thyristor that can conduct current in either 
direction when properly activated. 


trigger The activating input of some electronic devices and circuits. 
trivalent Describes an atom with three valence electrons. 


troubleshooting A systematic process of isolating, identifying, 
and correcting a fault in a circuit or system. 


turns ratio The number of turns in the secondary of a transformer 
divided by the number of turns in the primary. 


UJT Unijunction transistor; a three-terminal single pn junction 
device that exhibits a negative resistance characteristic. 


unit under test (UUT) The component, circuit, or system to be 
tested in a test system. The UUT is sometimes referred to as a 
device under test (DUT). 


valence Related to the outer shell of an atom. 
varactor A variable capacitance diode. 


V-I characteristic A curve showing the relationship of diode 
voltage and current. 


visual programming Programming that uses graphical objects 
rather than textual instructions to create the final program. 


voltage-controlled oscillator (VCO) A type of relaxation 
oscillator whose frequency can be varied by a de control voltage; 
an oscillator for which the output frequency is dependent on a 
controlling input voltage. 


voltage-follower A closed-loop, noninverting op-amp with a 
voltage gain of 1. 


voltage multiplier A circuit using diodes and capacitors that 
increases the input voltage by two, three, or four times. 


wavelength The distance in space occupied by one cycle of an 
electromagnetic or light wave. 


Wien bridge oscillator A type of feedback oscillator that is 
characterized by an RC lead-lag circuit in the positive feedback 
loop. 


zener breakdown The lower voltage breakdown in a zener diode. 


zener diode A diode designed for limiting the voltage across its 
terminals in reverse bias. 


Abrupt junction device, 150 
AC analysis, 280 
Acceptor atom, 15 
AC collector resistance, 272, 275, 278, 
281, 285 
AC emitter resistance, 272, 275, 276, 278, 
282, 284, 286 
AC ground, 280, 324, 453 
AC quantities, 272 
AC resistance, 28, 190, 275 
Active antenna, 485 
Active filter, 763-799 
Active region, 182, 184, 387, 388 
AC-to-DC converter, 268 
A/D conversion, 476, 676 
Alpha, 178 
Aluminum, 8 
Amplification, 191, 213 
Amplifier, 175, 190-192, 229, 272-324 
antilogarithmic, 740-741 
audio, 314, 368, 549, 638 
averaging, 681 
BJT, 190-192 
capacitively-coupled, 302, 311 
cascaded, 301 
cascode, 468-469, 492 
class A, 340-346, 365, 374, 604 
class AB, 353-357, 368, 374 
class B, 347-353, 374, 604 
class C, 357-365, 374 
class D, 470-474, 494 
common-base, 298-300, 321, 324 
common-collector, 291-298, 320, 324, 
343 
common-drain, 464-466, 492, 494 
common-emitter, 278-291, 319, 324, 
343, 358, 513 
common-gate, 467-469, 492, 494 
common-source, 452-464, 491, 494 
complementary transistors, 472 
Darlington class AB, 356 
Darlington/Complementary Darlington 
class AB, 357 
differential, 304—310, 322, 324, 604, 652 
direct-coupled, 304 
D-MOSFET, 460 
emitter-follower, 291, 292, 320, 324 


E-MOSFET, 413, 461 
FET, 385-427, 452-479 
instrumentation, 719-724 
inverting, 617-619, 626, 637, 650, 652 
isolation, 725-729 
large-signal, 340 
linear, 273 
logarithmic, 737-742 
multistage, 301-304, 543-546 
noninverting, 605, 625, 650, 652 
operational, 602-653, 667-708, 719, 
725, 738, 739, 740, 742-744 
operational transconductance (OTA), 
730-736, 755 
power, 339-374, 638-639 
push-pull, 348-353, 374, 604 
radio-frequency (RF), 201, 357 
small signal, 340 
source-follower, 464, 494 
summing, 679-687, 696, 707, 708 
transformer-coupled, 348, 350 
transistor, 190-192 
voltage-follower, 617, 622, 625, 637, 
650, 652, 724 
Amplifier response, 505-555 
Amplitude modulation (AM), 725, 726, 733 
Analog multiplexer, 477, 493 
Analog signal processor, 477 
Analog switch, 475, 493, 494 
Analog-to-digital converter (ADC), 476, 
676 
Anode, 31, 40, 565 
Anode current interruption, 572 
Antenna, 485 
Antilogarithm, 736, 740 
Antimony, 8 
Armstrong oscillator, 823 
Arsenic, 8 
ASK (amplitude shift keying), 790 
ASK test generator, 836 
Assemblers, 891 
Assembly language, 891 
Astable, 831, 844 
Astatine, 8 
Atom, 2-7, 8, 20 
Atomic bond, 10 
Atomic core, 8 


Atomic nucleus, 2 

Atomic number, 2 

Attenuation, 283, 324, 509, 807, 809 
Audio amplifier, 314, 368, 549, 638 
Automated testing, 893-898 
Automated test system, 896, 923 
Automatic gain control (AGC), 813 
Avalanche breakdown, 114 
Avalanche effect, 35, 113, 148 
Average value, 46, 51 

Averaging amplifier, 681 

Azimuth, 224 


Back-to-back configuration, varactor, 130 
Backup battery, 576 
Band-gap, 8 
Bandwidth, 541-543, 555, 628, 629, 634, 
764, 767, 768 
Barrier potential, 18, 20, 32, 34, 37, 41, 42, 
47, 358 
Base, 174, 213, 235, 280 
Base-collector junction, 174, 178 
Base current, 176 
Base-emitter junction, 174, 178, 179, 
358, 737 
Battery, 31, 108 
Bessel filter, 770 
Beta (8), 178, 185, 188, 213, 241, 245, 
277, 281, 356 
Betz law, 269 
Bias, 32, 34, 36, 38, 40, 93, 175, 349 
base, 179, 244, 249 
BJT, 202, 213. 229-256 
clamper, 363 
collector-feedback, 247, 255 
current-source, 407 
diode, 32-35 
D-MOSFET, 422 
drain-feedback, 421 
emitter, 241, 255 
emitter-feedback, 246, 243 
E-MOSFET, 421 
forward, 32-34, 36, 40, 46, 47, 133, 
175, 178 
forward-reverse, 175 
JFET, 397-409 
LED, 134 
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Bias, (continued) 
midpoint, 400 
reverse, 34—35, 38, 40, 113, 128, 144, 
175, 178, 386 
self, 397-403, 425 
voltage-divider, 67, 235-241, 249, 255, 
404-407, 421 
zero, 422, 423 
Bias current, 730, 734 
Bias current compensation, 625 
Biased limiter, 66 
Bias resistance, 280 
Bias stability, 238, 245, 247 
Bias voltage, 32, 34, 36, 38, 40, 178, 
229-255, 386, 388 
BIFET, 626 
Binary-weighted resistor DAC, 683 
Bipolar, 174 
Bipolar junction transistor (BJT), 174-214, 
229-255, 272-324, 344-373, 424, 
507, 513, 530, 737, 739 
Bismuth, 15 
Bode plot, 516, 540, 541, 542, 555, 628 
Bohr model of the atom, 2, 4 
Boltzmann’s constant, 737 
Bonding diagram, 11, 12 
Boron, 8 
Bounded comparator, 674 
Bounding, 673, 708 
Branching, 913, 923 
Breakdown, 388 
avalanche, 112, 114 
reverse, 35, 38, 113, 114, 182 
zener, 113, 114, 160 
Breakdown region, 182 
Breakdown voltage, 38, 113 
Break point, 516, 541 
Bridge rectifier, 55-57, 62, 85, 92 
Buffer, 295 
Butterworth filter, 769 
Bypass capacitor, 283, 284, 324 


Calculator, TI89, 456 
CAM (configurable analog module), 645 
Capacitance 

diode, 75 

input, 396, 507, 537 

Miller, 507, 508, 537, 538 

output, 507, 537, 538 

reverse transfer, 536 

stray, 531, 723 

transistor junction, 507, 536 

varactor, 128-132 
Capacitance ratio, 130 
Capacitance tolerance range, 129 
Capacitive coupling, 273, 278, 279, 302, 

312, 725 

Capacitively-coupled amplifier, 302-203 
Capacitor, 58 

bypass, 283, 284, 324, 506, 519, 541 


coupling, 273, 280, 302, 313, 506, 541 
variable, 128, 130 
Capacitor charge, 69, 688, 744, 808 
Capacitor-input filter, 58-62, 82 
Carbon, 8 
Carrier, charge 
majority, 15, 19 
minority, 15, 19 
Cascade, 301, 774, 778 
Cascode amplifier, 468-469, 492 
CASE Instruction, 903 
Cathode, 31, 40, 565 
CD player, 148 
Center frequency, 767, 779, 780 
Center-tap, 52, 348 
Center-tapped rectifier, 52, 91 
Channel (FET), 385, 413 
Charge, 2, 3, 13, 17 
Charge carrier, 15, 19 
Charge controller, 30, 109 
Chebyshev filter, 769 
Chemical stability, 10 
Chlorine, 5 
Clamper, 69-70, 93 
Clamper bias, 363 
Clapp oscillator, 821 
Class A amplifier, 340-346, 365, 374, 604 
Class AB amplifier, 353-357, 368, 374 
Class B amplifier, 347-353, 374, 604 
Class C amplifier, 357-365, 374 
Class D amplifier, 470-474, 494 
Clipper, 64 
Closed loop, 615 
Closed-loop frequency response, 633-636 
Closed-loop voltage gain, 615, 617, 618, 
652, 809, 812, 813, 815, 856 
CMOS, 479, 493 
CMRR, 309, 324, 607, 652, 721 
Coaxial cable, 723 
Coherent light, 148 
Cohesion, 917 
Collector, 174, 213 
Collector characteristic curve, 181-185, 
230 
Collector current, 176, 178, 181, 273, 277, 
290, 350 
Collector feedback bias, 247, 255 
Collector leakage current, 182 
Collector resistance, 274, 275, 278, 285 
Colpitts oscillator, 818, 837 
Common, 279, 280 
Common anode, 138 
Common-base amplifier, 298-300, 321, 324 
Common cathode, 138 
Common-collector amplifier, 291-298, 
320, 324, 343 
Common-drain amplifier, 464-466, 492, 
494 
Common-emitter amplifier, 278-291, 319, 
324, 343, 358, 513 


Common-gate amplifier, 467-469, 492, 494 
Common mode, 308, 324, 606, 607, 652, 
721 
Common-mode input impedance, 608 
Common-mode rejection, 309, 607, 730 
Common-mode rejection ratio (CMRR), 
309, 324, 607, 652, 721 
Common-source amplifier, 452-464, 491, 
494 
Comparator, 668-688, 694, 707, 708, 735, 
752 
Compensation 
bias current, 625 
input offset voltage, 626 
Complementary Darlington, 298 
Complementary pair, 472 
Complementary symmetry, 348 
Compound semiconductor, 8 
Compound transistor, 298 
Conditional execution, 900, 923 
Conduction angle, 581 
Conduction band, 8, 9, 12, 13 
Conduction electron, 12, 13, 15, 16, 175 
Conductor, 8, 20 
Configurable analog module (CAM), 645 
Constant-current diode, 152 
Constant-current limiting, 858 
Constant-current region, 388 
Constant-current source, 742 
Control element, 855, 856 
Conventional current, 176 
Converter, 743 
Copper, 9 
Core, 8 
Corner frequency, 510, 514 
Coulomb’s law, 18 
Coupling, 917 
Covalent bond, 10 
Critical frequency, 510, 516, 521, 523, 
534, 544, 555, 764, 765, 766, 771 
Crossover distortion, 349 
Crowbar circuit, 577 
Crystal, 10, 13, 20, 823 
Crystal-controlled oscillator, 823 
Current, 8, 13 
base, 176, 273, 277, 290 
bias, 730, 734 
collector, 176, 178, 181, 273, 277, 290, 
350 
constant, 152 
conventional, 176 
dark, 144 
electron, 13, 15 
emitter, 176, 178, 293, 295 
forward, 36, 75, 134, 572, 737 
holding, 566, 571, 595 
hole, 13, 15, 20 
input-bias, 609, 624 
input-offset, 609 
leakage, 119, 196, 207 


load, 45, 63, 123 

majority, 15, 19 

minority, 15, 19 

reverse, 35, 38, 40, 114 

saturation, 183, 188, 366 

shunt, 860 

surge, 62, 75 

switching, 566 

transistor, 176 

zener test, 114, 119 
Current-controlled variable resistance, 

149 

Current gain, 178, 186, 290, 293, 299 
Current limiting, 32, 34, 40, 152, 877 
Current mirror, 349 
Current regulator, 878 
Current regulator diode, 152 
Current source 

dependent, 179, 275 

independent, 179 
Current-source bias, 407-408 
Current-to-voltage converter, 743 
Current transfer ratio, 198 
Curve tracer, 207 
Cutoff, 172, 173, 193, 213, 230, 347, 358 
Cutoff frequency, 510, 764 
Cutoff voltage, 391, 392 
Czochralski method, 26 


D/A conversion, 673 
Damping factor, 767, 770, 798 
Dark current, 144 
Darlington pair, 295 
Darlington class AB amplifier, 356 
Darlington/Complementary Darlington 
class AB amplifier, 357 
Darrieus turbine, 335 
Datasheet 
BJT, 188-189 
diode, 74-78, 118, 129, 137, 146 
instrumentation amplifier, 747 
JFET, 394, 466, 487 
LED, 136-137 
MOSFET, 412-423 
operational amplifier, 640 
photodiode, 145-147 
PUT, 591 
SCR, 591 
varactor, 129-132 
voltage regulator, 157 
zener, 117-120 
dB, 301, 509 
dBm, 511 
DC analysis, 279 
DC load line, 184, 230, 256 
DC operating point, 229-235 
DC power supply, 45, 57, 78, 93, 153-155, 
156-159, 852, 879 
DC restorer, 69 
DC value, 46, 51 


Decade, 516, 555 
Decibel (dB), 301, 324, 509-512, 555, 607 
Delay angle, 581 
Depletion, 17, 414, 436 
Depletion region, 17—19, 33, 128, 386, 
388, 390 
Derating, 75, 117, 187 
Diac, 578, 595 
Dielectric, 128 
Differential amplifier, 304-310, 322, 324, 
604, 652 
Differential gain, 309 
Differential input, 306, 307 
Differential input impedance, 608 
Differential mode, 306, 307, 605, 652 
Differentiator, 691-693, 708 
Diffusion, 17 
Digital switching, 479-482 
Digital-to-analog converter (DAC), 683 
Diode, 31-94, 113-161, 349, 737, 738 
complete model, 42 
constant-current, 152 
current-regulator, 152 
four-layer, 565-568 
high-intensity LED, 136, 138-142 
hot-carrier, 149 
ideal model, 40 
IR-emitting, 133 
laser, 148 
light-emitting, 133-143, 148, 160 
optical, 133-147 
photo, 144-147, 160 
pin, 149-150 
practical model, 41 
rectifier, 45, 46, 51, 55, 73, 81 
Schottky, 149 
Shockley, 565-568 
step-recovery, 150 
symbol, 31 
tunnel, 150-151 
varactor, 128-132, 160 
zener, 1 13—127,160, 856 
Diode bias, 32—35, 36-39 
Diode breakdown, 35 
Diode capacitance, 75, 128, 130 
Diode characteristic curve, 36-39, 75, 113 
Diode clamper, 69-70, 93 
Diode clipper, 64-68 
Diode datasheet, 73-76 
1N4001—1N4007, 74-76 
1N4728A-1N4764A, 117-120 
TEMD1000, 145-146 
TSMF1000, 136-137 
Zetex 830, 129-130 
Diode drop, 53 
Diode limiter, 64-68, 93 
Diode model, 39-44 
complete, 42 
ideal, 40 
practical, 41 
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Diode packages, 31 

Diode pin configuration, 31 

Diode rectifier, 44-57 

Diode symbol summary, 159 

Diode testing, 77-78 

Diode test position (DMM), 204 

Direct-coupled amplifier, 304 

Discrete point measurement, 787 

Distortion, 229, 349 

DMM, 77, 202, 896 

D-MOSFET, 414, 434, 460 

Dominant critical frequency, 541, 544 

Donor atom, 15 

Doping, 14, 20, 113, 128, 174 

Double ended, 307, 606 

Download, 648 

Drain, 385, 387, 436 

Drain characteristic curve, 387, 388 

Drain-to-source resistance, 396, 452, 814 

Dual-axis solar tracking, 224 

Dual-gate MOSFET, 417 

Duty cycle, 832, 833, 864 

Dynamically programmable analog signal 
processor (dpASP), 644 

Dynamic range, 741 

Dynamic resistance, 34, 38, 42 


Efficiency, 345, 354, 362, 374, 470, 472 
Electric field, 18, 114 
Electroluminescence, 133, 160 
Electron, 2, 20 
conduction, 5, 8, 12, 13, 15 
free, 5, 8, 12, 13, 15, 20, 175 
valence, 5, 8, 10, 11, 12, 13, 19 
Electron cloud, 6 
Electron current, 13 
Electron-hole pair, 12, 16, 27, 144 
Electron orbit, 3 
Electron shell, 3, 4 
Electrons per shell, 4 
Electrostatic discharge (ESD), 420 
Electrophosphorescence, 142 
Element, 2, 4 
Elevation, 224 
Emitter, 174, 213 
Emitter current, 176, 178 
Emitter bias, 241, 255 
Emitter-feedback bias, 246, 255 
Emitter-follower, 291, 292, 324, 355 
E-MOSFET, 413, 421, 434, 461 
Emulation of a resistor, 478 
Energy, 3, 5, 8, 12, 18 
Energy diagram, 9, 12, 18 
Energy gap, 8, 19 
Energy gradient, 18 
Energy hill, 18 
Energy level, 3, 18 
Enhancement, 413, 415, 436 
Equivalent circuit, 114, 457, 513, 569, 
578, 579, 584 
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Error detector, 855, 856 
External pass transistor, 875 


Fault analysis, 81-84, 312 
Feedback, 256, 739 
negative, 246, 508, 613-614, 634, 652, 
770, 856 
positive, 808, 812, 844 
FET, 384437, 451-494, 522, 536, 908 
FET model, 452 
Fetal heartbeat monitoring, 729 
Field-effect transistor (FET), 384-437, 
451-494, 507, 522, 536 


Field-programmable analog array (FPAA), 


644 
Filter, 45, 58-62, 93, 794, 798 
active, 763-799 
band-elimination, 768 
band-pass, 131, 767, 779-784, 798 
band-reject, 768 
band-stop, 768, 785-788, 798 
Bessel, 770 
biquad, 784 
Butterworth, 769, 794 
capacitor-input, 58-62 
cascaded, 774, 778 
Chebyshev, 769 
high-pass, 766, 776-779, 798 
LC, 864 
low-pass, 473, 764-765, 772-776, 798 
multiple-feedback, 780, 785 
notch, 768 
power supply, 57-63 
RC, 764 
rectifier, 45, 58 
Sallen-Key, 773, 777 
single-pole, 773, 776 
state-variable, 782, 785 
three-pole, 774 
two-pole, 774 
Flash ADC, 676 
Flip-flop, 830 
Floating point measurement, 202 
Flow chart, 892, 923 
Fluorescent phosphor, 134 
Fold-back current limiting, 859 
Forced commutation, 571 
FOR-TO-STEP loop, 906 
Forward bias, 32—34, 36, 40, 46, 47, 93, 
133, 178, 183 
Forward-blocking region, 566, 572 


Forward-breakover voltage, 566, 571, 595 


Forward characteristic curve, 37 
Forward-conduction region, 555, 572 
Forward current, 36, 73, 134, 572, 737 
Forward-current gain, 277 
Forward-resistance characteristic, 150 
Forward-reverse bias, 175 

Forward transconductance, 395 
Forward voltage, 36, 74, 133, 151, 737 


Four-layer diode, 565-568, 595 
Free electron, 5, 8, 12, 13, 15, 20, 175 
Frequency 

break, 514, 516 

center, 767, 779, 780 

corner, 510, 514 

critical, 510, 516, 521, 523, 534, 544, 

555, 764, 765, 767, 771 

cutoff, 510, 764 

fundamental, 360, 824 

half-power, 541 

midrange, 516 

Nyquist, 476 

radio, 201, 357, 468 

rectifier, 46, 51 

resonant, 131, 811 

3 dB, 767 

unity gain, 542, 629 
Frequency measurement, 546-549 
Frequency multiplier, 360 
Frequency response, 505-555, 611, 632 
Frequency spectra, 472 
Full-wave average value, 51 


Full-wave rectifier, 50-57, 58, 80, 81, 82, 


93 
Function generator, 826 
Fuse, 62, 156 


Gain, 178, 207, 214, 627, 681, 720, 730 
common-mode, 309 
current, 178, 191, 290, 293, 299 
differential, 309 
midrange, 510, 555 
power, 291, 293, 299, 342, 374, 510 
voltage, 191, 282, 283, 284, 285, 286, 
292, 298, 301, 303, 458, 459, 464, 
467, 509, 515, 607, 615, 617, 627, 
721, 728, 809 
Gain-bandwidth product, 542, 635, 652 
Gain-setting resistor, 719 
Gain stability, 286 
Gallium, 15 


Gallium aluminum arsenide phosphide, 133 


Gallium arsenide, 8, 133 
Gallium arsenide phosphide, 133 
Gallium nitride, 8, 134, 141 
Gallium phosphide, 8, 133 

Gate, 385, 480 

Gate trigger current, 572 
Germanium, 8, 18 

Giromill turbine, 336 

Gold, 8 

Graphical analysis, 229, 401, 388, 454 
Grid-tie, 171 

Ground, 280, 453, 617 
Guarding, 723 


Half-splitting, 79, 80, 311, 312 
Half-wave average value, 46 
Half-wave power control, 574 


Half-wave rectifier, 44-50, 81, 93 
Handling precautions, MOSFET, 420 
Harmonic distortion, 130 

Hartley oscillator, 822 

Heartbeat monitor, 729 

Heat dissipation, 340 

Heat sink, 340 

Helical wind turbine, 337 

Helium, 3 

Hierarchical structure, 892 
High-frequency response, 530-540 
High-intensity LED, 136, 138-142 
High-level programming, 918 
Holding current, 566, 571, 595 
Hole, 12, 13, 15, 20, 175 

Hole current, 13, 15, 20, 175 
Hot-carrier diode, 149 
h-parameters, 178, 277 

Hydrogen, 2, 4 

Hyper-abrupt, 130 

Hysteresis, 671, 708, 752 


IC package, 603 
IF-THEN-ELSE instruction, 900 
IGBT (insulated-gate bipolar transistor), 
423-425, 435, 437 
Impedance 
input, 277, 608, 619, 623, 719 
output, 609, 620, 621, 623 
zener, 114, 115 
Impurity atom 
pentavalent, 15 
trivalent, 15 
Incoherent light, 148 
In-circuit test, 206 
Indium, 15 
Indium gallium aluminum phosphide, 133 
Indium phosphide, 8 
Infinite loop, 906 
Infrared, 133, 138 
Inner-shell electron, 8 
Input bias current, 608, 624 
Input capacitance, 396, 508 
Input impedance, 277, 608, 619, 623, 719 
Input line voltage, 63, 852 
Input offset current, 609 
Input offset nulling, 612 
Input offset voltage, 608, 626 
Input power, 354 
Input regulation, 64, 114, 852 
Input resistance, 237, 280, 281, 287, 293, 
299, 324, 355, 396, 460, 465, 467, 468 
Instrumentation amplifier, 719-724 
Instruction set, 891, 923 
Insulator, 8, 21 
Integrated circuit (IC), 603 
Integrated circuit regulator, 62-63, 314, 
869-879 
Integrator, 687-691, 708 
Interbase resistance, 585 


Internal resistance, 190, 272 
Internal transistor capacitance, 507, 531 
Intrinsic region, 149 
Intrinsic semiconductor, 8, 12, 13 
Intrinsic standoff ratio, 585, 595 
Inversion, 279 
Inverter, 31, 170, 479, 493 
Inverting amplifier, 617-619, 622, 626, 
637, 650, 652 
Ton 
negative, 5 
positive, 5, 13 
Ionization, 5, 21 
Irradiance, 136 
Isolation amplifier, 725-729 
Isolation barrier, 725 


JFET stabilized oscillator, 814 

JTAG (Joint Test Association Group), 894 

Junction field-effect transistor (JFET), 
385-412, 434, 437, 453-460, 
464469, 507, 813 

Junction temperature, 39, 116, 185 


Kelvin, 11, 737 

Kirchhoff’s voltage law, 42, 71, 179, 238, 
239, 242, 244, 246, 620 

Knee, 38, 114 


Ladder, R/2R, 683, 685 
Large-signal amplifier, 340 
Large-signal voltage gain, 607 
LASCR (light-activated SCR), 572, 595 
Laser, 148, 160 
Laser diode, 148 
Latch-up, 425 
LDMOSFET, 415 
Lead circuit, 506 
Lead-lag circuit, 811, 812 
Leakage current, 119, 196, 207 
Leaky capacitor, 82 
LED displays, 138, 141 
Light emission, 134 
Light-emitting diode (LED), 133-143, 
156, 160, 198 

Lighting system, 576 
Light intensity, 134, 135, 138 
Limiter, 64-68, 93, 126 

biased, 66 

negative, 64 

positive, 64 
Limiting resistor, 32, 34 
Linear region, 182, 214, 232, 256 
Line regulation, 63, 93, 120, 852 
Liquid-level control, 744 


Load, 45, 52, 123, 237, 285, 302, 459, 623, 


731, 819 
Load line 
ac, 273, 274, 454 
de, 184, 231, 233, 274, 402, 405, 475 


Load regulation, 63, 93, 123, 155, 853 
Logarithm, 509, 736 

Loop gain, 807 

Loop instruction, 906 

Lower trigger point (LTP), 672, 673, 826 
Low-frequency response, 512-530 
Lumen, 135 


Machine language, 891 

Majority carrier, 15, 19, 149 

Maximally flat response, 769 
Maximum power dissipation curve, 186 
Maximum power point tracking (MPPT), 
28, 109, 110-111 

Measurement, 80, 511, 546, 549, 896 
Metallic crystal structure, 13 

Mho, 395 

Midpoint bias, 400 

Midrange, 516 

Midrange gain, 510, 555 

Miller capacitance, 508, 531, 534, 537 
Miller’s theorem, 468, 508, 530, 534, 537 
Minority carrier, 15, 19 

-3 dB point, 514 

Modulator, 470, 725, 734 
Monochromatic light, 148 

MOSFET, 412-423, 437, 470, 472, 474 
MOSFET handling precautions, 420 
Motor speed control, 590 

Multiplier, 71-73 

Multistage amplifier, 301-304, 543-546 
Multistage gain, 301 

Multivibrator, 831 


NAND gate, 480, 493 

Natural logarithm, 737, 755 

Negative charge, 2, 3 

Negative feedback, 246, 369, 613-624, 
634, 652 

Negative ion, 5 

Negative resistance, 149, 150, 151, 585 
Nested loops, 910 

Nesting, 923 

Neutron, 2 

Nitrogen, 6 

Noise, 671, 723 

Noise specification, 611 

No latchup, 612 

Noninverting amplifier, 615-616, 626, 
636, 650, 652 

Nonzero level detection, 669 

NOR gate, 480, 493 

Normalize 510 

NPN transistor, 174 

N-type semiconductor, 15, 17 
Nucleus, 2 


Object-oriented programming, 892 
Octave, 516 
Offset nulling, 612 
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Offset voltage, 608 
Ohmic region, 387, 408-412, 437, 474 
Ohm’s law, 41, 115, 180, 238, 242, 247, 
350, 387 
Ohms function of a DMM, 78, 204 
Open capacitor, 82 
Open diode, 81 
Open-loop bandwidth, 629 
Open-loop response, 627-633 
Open-loop voltage gain, 607, 629, 652 
Operational amplifier (op amp), 602-653, 
667-708, 719, 725, 738, 739, 740, 
742-744 
Operational transconductance amplifier 
(OTA), 730-736, 755 
Optical diode, 133-147 
Optical lens, 140 
Optocoupler, 198 
Orbit, 3, 5 
Orbital, 6, 21 
Order, filter, 770 
Organic LED (OLED), 142-143 
Oscillation, 151, 809, 824 
Oscillator, 807-844 
Armstrong, 823 
Clapp, 821 
Colpitts, 818, 837 
crystal-controlled, 823 
feedback, 807, 808-825, 844 
555 timer, 830-835 
Hartley, 822 
LC feedback, 817-825 
phase-shift, 815 
pulse, variable duty cycle, 841 
RC feedback, 810-817 
relaxation, 567, 586, 589, 808, 825-830, 
844 
sawtooth, 827-829 
square-wave, 725, 829, 841 
triangular-wave, 825-827, 841 
twin-T, 816 
voltage-controlled (VCO), 827-829, 
834-835, 844 
Wien-bridge, 810-815 
Oscillator start-up, 809, 812, 818 
Oscilloscope, 788 
OTA, 730-736, 755 
Out-of-range indication of a DMM, 78 
Output admittance, 277 
Output bounding, 673 
Output capacitance, 507 
Output impedance, 609, 620, 621, 622 
Output power, 343, 353, 362 
Output resistance, 281, 293, 299, 324, 522 
Output voltage swing, 607, 623 
Overload protection, 858 
Overshoot, 769 
Over-temperature sensing circuit, 676 
Overtone, 825 
Over-voltage protection, 577 
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Parabolic, 393, 418 

Parallel resonant circuit, 131, 151, 360 

Parasitic component, 424, 425 

Passband, 764, 779 

Pass transistor, 875 

Peak detector, 743 

Peak inverse voltage (PIV), 48-49, 53-54, 
56, 71, 72, 93 

Peak operating voltage (POV), 152 

Peak point voltage, 585 

Peak rectified voltage, 47, 55 

Peak sun, 30 

Peak-to-peak value, 60, 190, 272 

Peak value, 47, 49, 55, 190, 272 

Pentavalent impurity atom, 15 

Percent regulation, 63 

Periodic table of the elements, 4 

Phase angle, 524, 535, 538 

Phase control, 581 

Phase inversion, 279, 459 

Phase-locked loop (PLL), 835 

Phase response, 517, 630, 631 

Phase shift, 517, 519, 534, 537, 630, 652, 
723, 807, 809, 812 

Phase-shift oscillator, 815 

Phosphorous, 15 

Photodiode, 144—147, 160, 198 

Photogeneration, 196 

Photon, 5, 26, 133, 148 

Photosensitive, 196 

Phototransistor, 195-199, 214 

Photovoltaic effect, 26 

pH sensor, 427 

Piezoelectric effect, 823 

Pinch-off, 388 

Pinch-off voltage, 388, 390, 437 

PIN diode, 149-150 

Pink noise, 611 

PIV, 48-49, 53-54, 56, 71, 72, 93 

Pixel, 141, 160 

Platform, 891 

PLL(phase-locked loop), 835 

PN junction, 16-19, 21, 26, 32, 74, 113, 
128, 133, 144, 148, 174 

PNP transistor, 174 

Point of measurement, 206 

Pole, filter, 764, 769, 770, 799 

Polonium, 8 

Positive charge, 2, 3 

Positive feedback, 808, 844 

Positive ion, 5, 13 

Potential difference, 18 

POV, 152 

Power amplifier, 340-374, 638 

Power derating, 117, 187 

Power dissipation 

diode, 74, 117 
transistor, 186, 343, 359 

Power gain, 291, 293, 299, 342, 374, 

510 


Power measurement, 511 

Power MOSFET, 415 

Power supply, 45, 57, 78, 93, 153-155, 
156-158, 852, 879 

Power supply current, 345 

Power supply filter, 45, 58-62 

Power supply rectifier, 45-49, 50-57 

Power supply transformer, 45, 49-50 

Power switching, 481 

Power transistor, 199, 415 

Preamplifier, 314 

Pressure sensor, 744 

Printed circuit board, 89, 159, 206, 211, 
254, 317, 372, 432, 484, 490, 552, 
554, 593, 642, 703, 750, 793, 840, 
882 

Priority encoder, 677 

Process flow, 892 

Program, 924 

Program labels, 914 

Program loop, 905-912, 924 

Programmable analog technology, 
644-649, 704-706, 750-754, 
794-797, 840-843 

Programmable unijunction transistor (PUT), 
588-589, 594, 827 

Programming, 890-924 

Programming language, 891, 924 

Proton, 2, 21 

Pseudocode, 893, 924 

P-type semiconductor, 15, 17 

Public address system, 314, 368 

Pulse, 360 

Pulse-width modulation (PWM), 109-110, 
470, 494, 726 

Push-pull amplifier, 346-357, 374, 604 

PUT, 588-589, 595, 827 

PV cell, 26 


Q (quality factor), 767, 781, 783, 819 

Q-point, 229, 256, 273, 279, 340-344, 
347, 350, 399, 402, 405, 406, 410, 
411, 453, 454 

Q-point stability, 245, 247, 406 

Quadratic, 456 

Quantum dots, 143-144 

Quantum model of the atom, 5, 6 

Quartz, 823 

Quiescent power, 343 


Radian, 46 

Radiant intensity, 136 

Radiation pattern, 135 

Radio frequency (RF), 201, 357, 468, 789 

Ramp, 689, 825 

RC circuit, 69, 513, 514-525, 577, 629, 
764, 810, 815, 830 

Recombination, 12 

Rectification, 46 

Rectifier, 44—50, 93 


bridge, 56-59, 81, 82, 92 
center-tapped, 52, 91 
full-wave, 50-57, 58, 80, 81, 82, 91, 92, 
93 
half-wave, 44-50, 81, 91, 93 
silicon-controlled, 568-572 
transformer-coupled, 49, 91 
Rectifier diode, 45, 46, 51, 55, 73, 81 
Regulation 
current, 152, 878 
line, 63, 93, 852, 883 
load, 63, 93, 853, 883 
voltage, 62, 153-155, 156, 852-855 
zener, 114, 120-126 
Regulator, voltage, 45, 62-63, 93, 126, 
156, 314, 851-883 
adjustable, 871 
linear, 855-863, 869-879, 883 
series, 855-860 
shunt, 860-863 
switching, 863-869, 873, 884 
Regulator current, 152, 858 
Relaxation oscillator, 567, 586, 589, 808, 
825-830, 844 
Relay, 197, 895 
REPEAT-UNTIL loop, 909 
Resonant frequency, 131, 811 
Reverse bias, 34—35, 40, 49, 56, 74, 93, 
128, 144, 149, 386 
Reverse-blocking region, 572 
Reverse breakdown, 35, 38, 113, 114 
Reverse current, 35, 38, 74, 76, 737 
Reverse diode characteristics, 38, 76 
Reverse resistance, 42 
Reverse voltage, 38, 42, 73 
RFID system, 789-793, 796, 836 
RGB, 141 
Ripple factor, 60 
Ripple rejection, 62 
Ripple voltage, 58, 59-61, 93 
Rise time, 548 
RMS, 190, 272 
Roll-off, 515, 532, 764, 771, 798 
r.. formula, 276, 277 
r-parameter, 275, 324 
r-parameter transistor model, 275 


Sallen-Key filter, 773, 777 
Sampling circuit, 476 

Saturation, 182, 183, 193, 214, 229, 232 
Savonius turbine, 336 

Sawtooth waveform, 577 

Scaling adder, 682 

Schmitt trigger, 673, 708, 735, 808 
Schottky diode, 149 

SCR, 568-577, 595 

SCS, 582-583 

Security alarm system, 208 
Selectivity, 767 

Self-bias, 397-403, 425 


Semiconductor, 8, 21, 133 
n-type, 14, 15 
p-type, 14, 15 

Sensitivity, photodiode, 145 

Sequential program, 898-899, 924 

Series regulator, 856-860 

Seven-segment display, 138 

Shell, 3, 4, 11, 21 

Shield guard, 723, 748 

Shock hazard, 49, 78 

Shockley diode, 565-568 

Short circuit protection, 62, 612, 859 

Shorted capacitor, 82 

Schottky diode, 149 

Shunt regulator, 860-863 

Siemens, 395 

Signal, 280, 457, 488 

Signal compression, 741 

Signal flow, 457 

Signal generator, 698, 751 

Signal tracing, 312 

Silicon, 8, 9, 18, 21 

Silicon carbide, 134 

Silicon-controlled rectifier (SCR), 
568-577, 595 

Silicon-controlled switch (SCS), 582-583 

Silver, 8 

Simulation, 88, 132, 210, 253, 316, 370, 
431, 486, 528, 545, 551, 592, 641, 
700, 747, 791, 836, 881 

Simultaneous ADC, 676 

Single-axis solar tracking, 224 

Single-ended, 306, 605 

Single-pole filter, 773, 776 

Single-supply push-pull amplifier, 352 

Slew rate, 609, 610, 652 

Small-signal amplifier, 340 

Solar cell, 26 

Solar panel, 29, 30 

Solar tracking, 224-227 

Source, 385, 437 

Source code, 893 

Source-follower, 464, 494 

Source resistance, 280 

Spaghetti code, 914 

Spectral response, 134, 144, 197 

SPICE, 528 

Square law, 393, 419 

Stability, 238, 245, 247, 286 

Stack, 918 

Stage, 201, 303, 771 

Stand-off ratio, 585, 595 

Start-up conditions, oscillator, 809, 812, 
818 

Static charge, 420 

Step, 548 

Step-down regulator, 863, 874 

Step-recovery diode, 150 

Step response, 548 

Step-up regulator, 865, 873 


Steradian, 136 

Stiff voltage divider, 235, 256 

Stopband, 764 

Subroutine, 898, 917, 924 

Subroutine call, 918 

Summing amplifier, 679-687, 696, 707, 708 
Summing point, 680 

Surface-mount package, 31 

Surge current, 62, 75 

Swamping, 286, 287, 513 

Swept frequency measurement, 787 
Switch, transistor, 192-195, 472, 474-482 
Switched-capacitor circuit, 477, 493 
Switching current, 566 

Switching regulator, 863-869, 873, 874, 883 
Sziklai pair, 297, 357 


Tank circuit, 151, 360, 818 
Tellurium, 8 
Temperature coefficient, 116 
Temperature control system, 252 
Temperature effect on a diode, 39 
Temperature stability, 247 
Temperature-to-voltage conversion, 252 
Test controller, 894, 924 
Test fixture, 894-896, 924 
Test point, 79 
Thermal overload, 870, 883 
Thermal resistance, 74 
Thermal runaway, 350 
Thermal shutdown, 62 
Thermistor, 253 
Thevenin’s theorem, 238, 521, 538, 854 
3 dB frequency, 764 
Three-terminal regulator, 62, 126, 868-873 
Threshold voltage, 413, 418, 735 
Thyristor, 564, 595 
Tickler coil, 823 
Time constant, 60, 69, 828 
Time-division multiplexing, 477 
Timer, 830-835 
TMOSFET, 416 
Traffic light, 139 
Transconductance, 392, 395, 411, 437, 
453, 730, 731, 732 
Transfer characteristic, 392, 393, 418, 419 
Transformer, 45, 82, 87, 879 
step-down, 49 
step-up, 49 
Transformer coupling, 49, 348, 727 
Transistor 
bipolar junction (BJT), 174-214, 
229-255, 272-324, 340-374, 424, 
407, 513, 530, 737, 739 
external pass, 875 
junction field-effect (JFET), 385-412 
metal-oxide-semiconductor field-effect 
(MOSFET), 412-423 
switching, 192-195 
unijunction, 583-588, 595 
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Transistor ac model, 275-278 
Transistor amplification, 191, 213 
Transistor capacitance, 507, 531 
Transistor currents, 176, 212 
Transistor datasheet 
BF998, 430 
2N3904, 188-189 
2N2222A, 209 
2N5457/2N5459, 394 
2N5460, 466 
2N5484, 487, 488 
Transistor equivalent circuit, 275, 276, 
280-282, 292, 424, 452 
Transistor dc model, 179 
Transistor packaging, 199-200 
Transistor, power, 199 
Transistor ratings, 186-188 
Transistor, small-signal, 199 
Transistor switch, 192-195 
Transistor terminals, 200 
Transistor tester, 205 
Transition region, 764, 765 
Triac, 579-582, 595 
Triangular waveform, 825 
Trigger, 569, 831 
Trigger current, 569 
Trigger point, 672, 735, 753 
Trigger voltage, 588 
Trivalent impurity atom, 15, 17 
Troubleshooting, 76-84, 93, 153-155, 
201-208, 248-252, 310-314, 
365-367, 425-427, 482-485, 
636-638, 694-698 
Tuned circuit, 130, 360 
Tuning capacitor, 824 
Tuning ratio, 130 
Tunnel diode, 150-151 
Turns ratio, 49, 52 


Unijunction transistor (UJT), 583-588, 
595 

Uncertainty principle, 6 

Unit under test (UUT), 894, 924 

Unity gain, 679, 719, 812 

Unity-gain bandwidth, 629, 635 

Unity-gain frequency, 542, 629 

Universal transfer characteristic, JFET, 

392, 393 

Upper trigger point (UTP), 672 


Valence band, 8, 9, 12, 114 

Valence electron, 5, 8, 9, 10, 12, 13, 19 

Valence shell, 5, 21 

Valley point, 585 

Varactor, 128-132, 160 

Variable resistance, 409 

VCO, 827-829, 834-835, 844 

Vertical-axis wind turbine, 335 

V-I characteristic of a diode, 28, 36-39, 41, 
93, 113, 131 
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Virtual ground, 617, 623, 742 
Visible light, 133 
VMOSFET, 416 
Voltage 
bias, 32, 36, 38, 40, 66, 67, 178, 179, 
235, 386, 388 
breakdown, 35, 113 
cutoff, 183, 230, 388, 390, 392 
forward, 41-42, 74, 134, 179 
forward-breakover, 566, 571, 595 
input offset, 608, 626 
output, bridge rectifier, 55 
output, center-tapped full-wave 
rectifier, 53 
peak inverse, 48-49, 53-54, 56, 71, 72, 
93 
peak point, 585 
peak rectified, 49, 55 
pinch-off, 388, 390 
primary, 49 
reference, 126 
reverse, 38, 41, 42, 76 
ripple, 58, 59-61, 93 
saturation, 184, 188 
secondary, 49, 54 
threshold, 413, 418, 735 
zener, 113, 119 
Voltage-controlled BJT, 424 


Voltage-controlled oscillator (VCO), 
827-829, 834-835, 844 

Voltage-controlled voltage source (VCVS), 
773 

Voltage-current characteristic, 36-39, 113 

Voltage divider, 67, 235, 349, 403, 615, 
669, 811, 812, 830 

Voltage-divider bias, 67, 235-241, 249, 
255, 349, 403-407, 421 

Voltage doubler, 71-72 

half-wave, 71 
full-wave, 72 

Voltage feedback ratio, 277 

Voltage follower, 617, 622, 625, 637, 650, 
652, 724 

Voltage gain, 191, 282, 283, 284, 285, 286, 
292, 298, 301, 303, 458, 459, 464, 
467, 507, 515, 607, 614, 615, 721, 
728, 809 

Voltage gain stability, 286 

Voltage-inverter regulator, 867 

Voltage multiplier, 71-73 

Voltage quadrupler, 72 

Voltage reference, 669 

Voltage regulator, 62-63, 120-126, 
851-883 

Voltage-to-current converter, 743 

Voltage tripler, 72 


Waste water neutralization system, 427 
Waveform distortion, 232 
Waveform generator, 699 
Wavelength, 133, 148 
Wave-particle duality, 5 

Weight, 682 

Wheatstone bridge, 676 
WHILE-DO loop, 908 
Wien-bridge oscillator, 810-815 
Wind power, 269 

Wind turbine, 267 


Zener breakdown, 113, 160 

Zener current, 114, 119 

Zener diode, 113-127, 160, 577, 856 

Zener equivalent circuit, 114-116 

Zener impedance, 114, 115 

Zener limiting, 126 

Zener power derating, 117 

Zener power dissipation, 117 

Zener regulation, 114, 120-126, 
153-155 

Zener temperature coefficient, 116 

Zener test current, 114 

Zener voltage, 113, 153 

Zero bias, 422, 423 

Zero dB reference, 510 

Zero-level detection, 668 


